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CHAPTER I  
INTRODUCTION
Purpose and Scope
The f in e ly  d issem in a ted  s tra ta b o u n d  copper in  th e  red  and 
g reen  a r g i l l i t e s  of th e  B e lt  Supergroup i s  c u r r e n t ly  a  s u b je c t  
o f g re a t  i n t e r e s t  and some sp ecu la tio n *  The purpose o f  t h i s  s tu d y  
i s  to  determ ine th e  r e la t io n s h ip s  between sed im en tary  param eters 
and copper occurrences^and to  a s se s s  th e  s ig n if ic a n c e  of th e se  
r e la t io n s h ip s  i n  copper d ep o sitio n *  This s tu d y  examines in  d e t a i l  
a  sm all s t r a t ig r a p h ie  in te r v a l  o f th e  B e lt Supergroup through two 
m easured s e c tio n s  where anomalous copper occurs^ in  th e  hope th a t  
a  d e ta i le d  s tu d y  o f a  l im ite d  s t r a t ig r a p h ie  s e c t io n  w i l l  complement 
more re g io n a l  s tu d ie s  such  as th o se  o f  H arriso n  and Grimes (1970) 
and Trammell (1970).
L ocation  and G eologic S e ttin g
The p o r t io n  of th e  s t r a t ig r a p h ie  column under s tu d y  in c lu d e s  
th e  upperm ost carbonate  o f  th e  W allace Form ation up in to  th e  red  
and g reen  a r g i l l i t e  of th e  M il le r  Peak Formation*
This in te r v a l  was in te n s iv e ly  s tu d ie d  a t  th e  Cyr s e c t io n ,  
lo c a te d  along th e  B u rlin g to n  N orthern  r a i l r o a d  tra c k s  n ear Cyr, 
Montana (T Ih  N, R 23 W, sec* 6 ) ,  approx im ate ly  th re e  m iles w est 
o f A lb e rto n , Montana* This s e c t io n  was c o r r e la te d  (P la te  IV) w ith  
th e  P e t ty  Mountain s e c t io n  (H a ll , 1968), (T 13 N, R 23 W, sec* 12) 
lo c a te d  approx im ate ly  seven m iles so u th e a s t o f A lb e rto n , Montana* 
L ocations a re  g iven  in  F igu re  1 and in  Appendix I*
Both th e  Cyr Tunnel s e c tio n  and th e  P e t ty  Mountain s e c t io n  l i e  
on th e  upper p la te  of th e  R eservo ir Creek T h rust (H a ll , 1968),
(Fig* 1 ) .  This upper p la te  c o n ta in s  th e  M artin  P o in t a n t ic l in e  
which has been overtu rned  to  th e  e a s t  and th r u s t  eastw ard along the  
R ese rv o ir Creek Thrust* The Cyr Tunnel s e c t io n  l i e s  on th e  low er, 
overtu rned  lim b; whereas th e  P e t ty  M ountain s e c t io n  l i e s  on the  
u p p er, normal limb* The th ru s t in g  c a r r ie s  overtu rned  Bonner 
q u a r t z i t e .  M ille r  Peak a r g i l l i t e ,  and W allace carbonate  over 
McNamara a r g i l l i t e  near A lb e rto n . The u n d erly in g  McNamaura h a s , 
in  tu r n ,  been th r u s t  no rtheastw ard  a long  th e  Lothrop T hrust a g a in s t  
Cambrian rocks j u s t  e a s t  o f A lberton  (F ig . 1 ) .
The a t t i t u d e  o f th e  rocks a t  P e t ty  Mountain averages 
N 35® W, 20-25^ NE; and a t  Cyr Tunnel th e  rocks tre n d  N 25°-30® W, 
and a re  o v ertu rn ed  UO  ̂ to  th e  southw est* The Cyr Tunnel s e c tio n  
l i e s  w ith in  the  A lberton  quadrangle  Wiich i s  p re s e n t ly  under in ­
v e s t ig a t io n  by J* D* W ells o f th e  U nited S ta te s  G eo log ica l Survey*
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F ig u re  1# L ocation  and s t r u c tu r e  map o f s tu d y  a re a .  
M odified from H a ll (1968).
CHAPTER I I  
STRATIGRAPHY
In fo rm atio n  on th e  B e lt Supergroup has in c re a se d  g r e a t ly  
over th e  p a s t  s e v e ra l  y e a r s .  Ross p re sen te d  a  comprehensive s tu d y  
of B e lt s t r a t ig r a p h y  in  1963. Smith and Bam es (1966) updated th is  
work and p rov ided  th e  b a s ic  framework th a t  workers have used r e c e n t ly  
(F ig . 2 ) .  H arriso n  (1972) has c o n so lid a te d  and s im p lif ie d  some of 
th e  p rev io u s  B e lt  nom enclature (P ig . 3 ) .
The W allace Form ation
The W allace Form ation i s  p a r t  of th e  m iddle B e lt carbonate  
t h a t  l i e s  between th e  R a v a lli  Group and th e  o v e rly in g  M issoula Group. 
This u n i t  c o n s is ts  p r im a r ily  o f dark^ s i l t y  and sandy lim estone  and 
do lo m ite . S tro m a to lite s  (Rezak^ 1959) and a lg a l  ribbons (O 'Conner, 
1972) a re  abundant in  th e  carbonate  r i c h  b ed s .
H arrison  and Campbell (1963) d esc rib e d  th e  fo llow ing  rock types 
w ith in  th e  W allace Form ation; 1) b lack  and id ii te  or g reen  i n t e r ­
lam inated  a r g i l l i t e  and s i l t i t e  t h a t  commonly i s  e i t h e r  only  s l i g h t l y  
c a rb o n a tic  o r n o n -c a rb o n a tic , 2) g reen  to  g ray  c a rb o n a tic  s i l t i t e  
commonly th in ly  in te rb ed d ed  w ith  a r g i l l i t i c  s i l t i t e ,  3) b lu e -g ra y  
lam ina ted  d o lo m itic  lim esto n e  t h a t  commonly has i r r e g u la r  c e l l u l a r  
w eathering  h a b it  ( "m o la r-to o th "  s t r u c tu r e ) ,  U) w hite  lam inated  
d o lo m itic  q u a r t z i t e ,  and 5) dense g reen  a r g i l l i t e  having concho idal 
f r a c tu r e  and a waxy appearance.
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F igu re  2 . G enera lized  c o r r e la t io n  c h a r t  fo r  th e  B e lt Supergroup* 
Numbers and names in  p a re n th ese s  a re  used in fo rm ally*  (From 
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F ig u re  3 . Recommended term inology  f o r  th e  B e lt Supergroup, Numbers 
and names in  p a re n th eses  a re  used in fo rm a lly ,
* P o s s ib ly  e q u iv a le n t s t r a t a  a re  c a l le d  Wemer Peak Form ation of 
Smith and Barnes (1966) in  th e  W h ite fish  Range. (From H arriso n , 1972).
The W allace -  M ille r  Peak Boundary
L ith o lo g ie a l l y  th e  boundary between th e  W allace Form ation and 
th e  o v e rly in g  M ille r  Peak Form ation i s  g ra d a t io n a l .  Fine e l a s t i c s  
in c re a s e  and carb o n ate  and a lg a l  s t r u c tu r e s  d ecrease  acro ss  the  
boundary.
Placem ent o f th e  boundary a t  th e  uppermost b lack  and w hite  
a r g i l l i t e  and s i l t i t e  la y e r  o f  th e  W allace (H arrison  and Jobin^
19635 O’Conner I 967) i s  most v a l id  l i t h o lo g ic a l ly  s in c e  i t  s e p a ra te s  
dom inantly  a lg a l - r i c h  carb o n ates  from dom inantly  c l a s t i c  a r g i l l i t e s  
and s i l t i t e s .  However, th e  upperm ost b lack  and w hite  a r g i l l i t e  
and s i l t i t e  la y e r  of th e  W allace i s  d i f f i c u l t  to  d is t in g u is h  from 
o th e r  s im ila r  B e lt  rocks w ithou t d e ta i le d  mapping, th e re fo re  t h i s  
boundary i s  p r im a r ily  u s e fu l  on ly  i n  d e ta i le d  s tu d ie s  such as t h i s ,  
and th a t  o f O’Conner (1967).
A more e a s i ly  recogn ized  boundary, u s e fu l  in  g e n e ra l mapping, 
i s  th e  sharp  c o n ta c t between th e  g reen  and red  a r g i l l i t e  above th e  
carbonate  t o  s i l t i t e  boundary.
0 ’Conner (1972) d e sc rib ed  the  fo llow ing  fa c ie s  and th e i r
in te r p r e ta t io n s  fo r  th e  Piegan Group -  M issoula Group (W allace -
M ille r  Peak) boundary:
1) Dark T errigenous F ac ie s  coiiç>osed o f :  T hin ly  
in te r la m in a te d  to  in te rb ed d ed  dark  g ray  do lom itic  
mudstone and l i g h t  g ray  d o lo m itic  s i l t s t o n e .
U ndulose, g rad ed , and c ro ss  lam inated  s t r a t a  
w ith  s o f t  sedim ent defo rm ation  and v e r t i c a l  
and h o r iz o n ta l  a lg a l  s t r u c tu r e s .  This f a c ie s  
was in te rp r e te d  as r e l a t i v e l y  deep w ater seaward 
o f shallow  w ater carbonate  banks. 2) Dolomite 
F ac ies  composed o f :  Thin lam inae to  th in  beds
of medium gray  to  g ree n ish  g ray  c lay ey  d o lo m ic rite
and s i l t y  d o lo s p a r i te j  mudstone and s i l t s t o n e .
Even to  s l i g h t l y  undulose bedded o r he te rogeneous, 
churned , or reworked u n co n so lid a ted  s t r a t a ;  
c ro ss  la m in a tio n , s o f t  sedim ent defo rm ation , 
and v e r t i c a l  and h o r iz o n ta l  a lg a l  s t r u c tu r e s .
This f a c ie s  was in te rp r e te d  as v e ry  shallow  to  
i n t e r t i d a l  o r  s u p r a t id a l  carbonate  bank.
3) L igh t T errigenous F ac ies composed o f :  Thin
lam inae to  v e ry  th in  beds o f  g ra y ish  green  to  
g ra y ish  yellow  green  and p a le  brown to  g ray ish  
red  do lo m itic  c la y s to n e , m udstone, and s i l t s t o n e ;  
and g ra y ish  yellow  green  c lay ey  d o lo m ic rite  and 
muddy d o lo m ic ro sp a r ite . S l ig h t ly  to  s tro n g ly  undulose 
s t r a t a  o r heterogeneous churned and reworked 
u n c o n so lid a te  s t r a t a  w ith  c ro ss  lam in a tio n s and 
v e r t i c a l  and h o r iz o n ta l  a lg a l  s tru c tu re s*  This was 
in te r p r e te d  as v e ry  shallow  to  i n t e r t i d a l  w ater 
landward from th e  carbonate  bank.
The W allace Form ation in  th e  l o c a l i t i e s  n ea r A lberton  i s
m ostly  composed o f  th e  Dark T errigenous F ac ies o f  O’Conner (1967).
This i s  o v e r la in  by 200 -  250 f e e t  o f  d o lo m itic  a r g i l l i t e
in te r p r e te d  to  be th e  D olom itic F ac ies o f O’Conner (196?)* The
rocks above th i s  a re  s l i g h t l y  d o lo m itic  and g ra d u a lly  grade in to
non -do lom itic  a r g i l l i t e s *  The low er p o r t io n s  o f  th e se  rocks a re
p robab ly  O’C onner's (1967) L ight T errigenous Facies*  This sequence
re p re s e n ts  a f i n a l  m ajor re g re s s io n  o f  th e  "B e lt Sea" accord ing  to
O’Conner’s (1967) in te rp r e ta t io n s *
The M il le r  Peak Form ation
The M ille r  Peak Form ation, th e  low est fo rm ation  in  th e  M issoula 
group, o v e r l ie s  th e  W allace Form ation (F ig . 3 ) .  This group o f 
rocks i s  g e n e ra lly  d esc rib e d  as r e d , p u rp le ,  g reen , and gray  
s i l t y  a r g i l l i t e  and a rg i l la c e o u s  s i l t i t e .  The fo rm ation  c o n ta in s  
minor amounts o f carbonate  b ea rin g  u n i t s ,  e s p e c ia l ly  n ea r th e  
base* A carbonate  u n i t  h ig h e r in  th e  M ille r  Peak Form ation was
d e sc r ib e d  by Campbell (i960) and by H a ll (1968), Thin beds of 
q u a r tz i t e  occur lo c a l ly  in  th e  m iddle and upper M ille r  Peak and 
appear s im ila r  to  th e  H e llg a te  Q u a r tz ite  Member o f Nelson and 
D obell (1961).
CHAPTER III
SEDIMENTARY STRUCTURES OF THE LOWER MILLER PEAK FORMATION
Sedim entary s t r u c tu r e s  must be r e l i e d  upon h e a v ily  in  i n ­
t e r p r e t in g  th e  d e p o s it!o n a l  c o n d itio n s  in  th e  Preoam brian B e lt 
rocks in  as much as o rgan ic  rem ains a re  few, and p é tro g ra p h ie  
d e t a i l  i s  d estro y ed  by metamorphism.
A b r i e f  d e s c r ip t io n  o f sed im entary  s t r u c tu r e s  in  th e  lower 
M ille r  Peak Form ation i s  p re se n te d  h e re . P rocesses re sp o n s ib le  fo r  
t h e i r  fo rm ation  and an env ironm ental in te r p r e ta t io n  fo llow s each 
d e s c r ip t io n .
Lam inations
P a r a l l e l  Lam inations in  S i l t  and C lay . This type  o f 
lam in a tio n  r e f l e c t s  a l te r n a t in g  te x tu re s  from  sand or s i l t  up in to  
c la y .  Graded bedding on a  s c a le  o f c en tim e te rs  i s  ty p ic a l  of th e se  
lam in a tio n s  (F ig . i i ) .  This s t r u c tu r e  has been termed m icrograd ing .
The o r ig in  o f th e se  lam in a tio n s  can be a t t r ib u te d  to  the  
re p e a te d  in f lu x  and d i f f e r e n t i a l  s e t t l i n g  o f suspended sed im ent. 
Lam inations o f  t h i s  type  a re  common on t i d a l  f l a t s  (R eineck, 1967), 
f lo o d  p la in s  (Harms and F ahnestock , 196$), and d e l ta s  (Coleman and 
G ag liano , 196$).
Wavy Lam inations in  S i l t  and C lay. These lam in a tio n s resem ble 
p a r a l l e l  la m in a tio n s , b u t a re  d isco n tin u o u s and i r r e g u la r .  They 
r e s u l t  from th e  same p ro cesses  as th e  p a r a l l e l  lam in a tio n s in  s i l t
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Figure  h* Graded lam inations ty p ic a l  o f i n t e r  lam ina ted  rock  
ty p es . Mud ch ips and s i l t  (dark  la y e r s )  grade upward in to  
c la y  ( l ig h t  la y e r s ) .  Note scoured upper su r fa c e s  o f c la y  
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and c la y ,  b u t were d ep o site d  over i r r e g u la r  scoured  su rfa c e s  or 
undulose a lg a l  mat su rfa c e s  (F ig . 2 8 ).
H o rizo n ta l Lam inations in  S i l t  and Sand. These lam in a tio n s  
occur i n  s i l t  and sand and a re  le s s  th an  one c en tim e te r  th ic k  
(F ig . 5 ) .  The boundaries o f th e se  h o r iz o n ta l ly  lam inated  s i l t  
u n i ts  a re  l o c a l ly  e ro s io n a l .  Lam inations a re  f a i n t  but o c c a s io n a lly  
may be tra c e d  fo r  s e v e ra l  m eters w ith in  a  bed te n  or tw enty 
c e n tim e te rs  th ic k .
H o rizo n ta l lam in a tio n s in  sand develop in  shallow  w ater moving 
in  t r a n s i t i o n  flow  (Harms and Fahnestock , 1965) a c ro ss  p la n e r  
s u r f a c e s •
L e n tic u la r  o r F la s e r  L am inations. T his type  o f s i l t  
lam in a tio n  c o n s is ts  o f sm a ll le n s e s  o f r ip p le  c ro ss -la m in a te d  s i l t  
enclosed  in  a  c la y  m a tr ix . These le n se s  a re  g e n e ra lly  le s s  than  
te n  c en tim e te rs  long and fo u r  c e n tim e te rs  h igh  (F ig . 6 ) .
They r e s u l t  from ifipoverished  c u r r e n t  r ip p le s  formed on c la y  
su rfa c e s  and l a t e r  covered by c la y  l a y e r s .  During tim es of c u r re n t  
a c t i v i t y  s i l t  was t ra n s p o r te d  and formed i s o la te d  r ip p le s  w hile  
c la y  rem ained in  su sp en s io n . Clay th en  s e t t l e d  over r ip p le s  as th e  
w ater v e lo c i ty  d e c rea se d . F la s e r  bedding has been d e sc rib e d  ex­
te n s iv e ly  on i n t e r t i d a l  f l a t s  (R eineck, 19àh; Van S tra a te n , 1959> 
196U) where th e re  i s  a sand and mud su p p ly , and a l t e r n a t in g  c u r re n t  
a c t io n  and s la c k  w ater a re  common.
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G ross-bedd ing . Sm all s c a le  c ro ss-b ed d in g  in  th e  M ille r  Peak 
Form ation ranges from two to  f iv e  c e n tim e te rs  th ic k  and th e re fo re  i s  termec 
v e ry  th in  c ro ss-b ed d in g  (1-5 cm.) acco rd ing  to  th e  d e f in i t io n  of 
McKee and Weir (1953). Trough c ro s s -b e d s , which have curved p lan es 
of e ro s io n  as low er s u r f a c e s ,  and sim ple c ro ss-b ed s  which have non- 
e ro s io n a l  lower boundaries (McKee and W eir, 1953) predom inate in  the  
s e c t io n s  s tu d ie s .
The fo rm atio n  o f  v e ry  th in  trough  and sim ple c ro ss-b ed s i s  
p o o rly  u n d e rs to o d , b u t th e y  p o s s ib ly  formed from m ig ra ting  sm all 
s c a le  (1-5 cm.) dunes.
R ipple C ro ss - la m in a tio n s . R ipple c ro ss - la m in a tio n s  i s  a  g e n e tic  
term  a p p lie d  to  c ro ss - la m in a te d  d e p o s its  in  W iich a d e f in i te  r ip p le  
topography can be seen  (Jo p lin g  and W alker, 1968). R ipple c ro s s ­
lam in a tio n s  r e s u l t  from bo th  c u rre n t  and wave r ip p le s .  C urren t 
r ip p le s  have g e n tle  u p cu rren t s id e s  and s te e p  dow ncurrent s id e s ,  
and a re  g e n e ra lly  asym m etrical. They commonly have fo re s e t  
lam in a tio n s  p rese rv ed  w ith in  them. I d e a l ly  wave or o s c i l l a t io n  
r ip p le s  a re  sym m etrical and have rounded troughs and p o in ted  c r e s t s .  
Experim ents by McKee (1965) have shown t h a t  asym m etrical r ip p le  
c ro s s  s e c t io n  p r o f i l e s  a re  most c h a r a c te r i s t i c  o f both  wave and 
c u r re n t  r i p p le s ,  and th a t  sym m etrical forms may be formed by bo th  
ty p e s .
The r ip p le  c ro s s - la m in a tio n s  i n  bo th  th e  M ille r  Peak s e c tio n s  
a re  from one to  th re e  c e n tim e te rs  th ic k ,  and e x h ib i t  low to  m oderate 
f o r e s e t  la m in a tio n s , in d ic a t in g  s tro n g  u n id ir e c t io n a l  c u r re n t  flow .
Ih
T heir pronounced asymmetry and t h e i r  occurrence c lo se  to  scoured  
and h o r iz o n ta l ly  lam inated  s u r f a c e s ,  which a re  commonly c u rre n t  
form ed, in d ic a te s  a  c u r re n t  o r ig in  fo r  most o f th e  r ip p le  c ro s s -  
lam in a tio n s  in  th e  low er M ille r  Peak Form ation (F ig . ?)*
R ip p le -D r if t  C ross-L am inations. R ip p le - d r i f t  c ro ss -la m in a tio n s  
o r "clim bing  r ip p le s "  a re  d e fin ed  as s e t s  of r ip p le s  in  which each 
r ip p le  clim bs onto th e  s to s s  s lo p e  of th e  r ip p le  im m ediately down­
stream  (Jo p lin g  and W alker, 1968). T his r e s u l t s  in  upward s lo p in g  
(c lim bing) s e t s  o f r ip p le  f o r e s e t  la m in a tio n s . These s t r u c tu r e s  
occur Wiere sedim ent i n  suspension  i s  r a p id ly  d e p o site d  under 
d e c rea s in g  c u r re n t  v e lo c i t i e s  (McKee, 1965; Jq p lin g  and W alker, 
1968). Climbing r ip p le s  a re  p re s e n t  a t  th e  tops of s e v e ra l  o f th e  
th ic k  s i l t  beds in  th e  measured s e c tio n s  (F ig . 8 ) .
Figure H o rizo n ta lly  lam inated  s i l t  ( c e n te r ) .  M ottled  
s i l t  w ith  c la y  ch ip s a t  top  and bottom . Dark b leb s  a re  
c h a lco p y rite  surrounded by d e p le tio n  halos* Top i s  to  
the  r i g h t .  S lab . Bar * 1 cm.
F igure 6 . F la se r  bedding. S lab . Bar « 1 cm.
Figure 7 . R ip p le -d r if t  c ro ss -la m in a tio n s  in  s i l t .  S la b . Bar » 1 cm.
F igure 8 . R ipple c ro s s - la m in a tio n s . H o r iz o n ta lly  lam inated  s i l t  
and mud ch ips a t  bottom and s i l t -  mud ch ip  rock  a t  to p .  S lab .
Bar « 1 cm.
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D isru p ted  Bedding
D isru p ted  bedding or s o f t  sedim ent deform ation  i s  common in  
th e  low er M ille r  Peak Form ation. Four d i f f e r e n t  types a re  
id e n t i f i e d  h e re : 1) in tra fo rm a tio n a l  b re c c ia ,  2) convolute
la m in a tio n s , 3) d is tu rb e d  s i l t ,  and U) d is tu rb e d  bedding. A ll may 
be grouped in to  th e  g en era l c a teg o ry  of d is ru p te d  bedding . Causes 
fo r  th e  v a rio u s  types o f d is ru p te d  bedding a re  p o o rly  understood , 
and t h e i r  fo rm ative  p ro cesses  can only  be suggested .
In tra fo rm a tio n a l B re c c ia . The s in g le  no ted  occurrence o f 
t h i s  type  of bedding i s  th re e  to  fo u r cen tim e te rs  th ic k ,  i s  bounded 
above and below by h o r iz o n ta l  bedding , and extends fo r  two m eters 
l a t e r a l l y .  The rock  c o n ta in s  an g u la r chunks of in te r la m in a te d  s i l t  
and c la y  th a t  a re  mixed in  a s i l t  and c la y  m atrix  (F ig . 8 ) .  This 
s t r u c tu r e  i s  p ro b ab ly  caused by slumping and s l id in g  of one sedim ent 
la y e r  over a n o th e r .
Convolute L am inations. This type of s t r u c tu r e  has been r e fe r r e d  
to  as convolute  lam in a tio n s  (D ott and Howard, 1962), and d is to r te d  
o r c o n to r te d  lam in a tio n s  (McKee, 1965). Kuenen (1952) o r ig in a l ly  
d e sc rib e d  th i s  s t r u c tu r e  as be ing  a  d i s to r t io n  th a t  g rad u a lly  
in c re a s e s  upward and th en  d ie s  out g ra d u a lly . This type o f s t r u c tu r e  
has t r a d i t i o n a l l y  been used as evidence of tu r b id i ty  c u r r e n ts .  
However, D ott and Howard (1962) have d e sc rib e d  t h i s  s t ru c tu re  in  
non-graded rocks and no ted  th a t  i t  i s  n o t due s o le ly  to  t u r b id i ty  
flo w s•
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T his s t r u c tu r e  i s  produced by th e  sh e a r s t r e s s e s  imposed on 
th e  u n d erly in g  sedim ent by s tro n g , sed im en t-laden  c u r r e n ts .
McKee e t .  a l .  (196?) su g g est t h a t  th i s  type of convolute  lam in a tio n  
occurs commonly in  a l l u v i a l  f lo o d  channels as c u rre n t  v e lo c i t ie s  wane, 
and sedim ent i s  in  a  q u ick san d -lik e  c o n d it io n . This o r ig in  i s  l i k e l y  
in  th e  lower M ille r  Peak Form ation in  t h a t  th e  convolu te  lam in a tio n s 
a re  o v e rla in  by h o r iz o n ta l ly  lam inated  s i l t  a t t r ib u te d  to  t r a n s i t io n  
flow  (F ig . 1 0 ).
D istu rbed  S i l t . In  t h i s  s t r u c tu r e ,  s i l t ,  u s u a lly  bounded above 
and below by h o r iz o n ta l  b ed s , agppears churned and h ig h ly  d is tu rb e d  
(F ig s . 11 & 1 2 ) . One can on ly  sp e c u la te  as to  th e  t ru e  o r ig in  of 
t h i s  unusual s t r u c tu r e .  I t  may be due t o  v e r t i c a l  lo a d in g , slunqp, 
o r sh ear s t r e s s e s  caused by o v e rrid in g  c u rre n ts  (McKee e t .  a l . ,  1962). 
Another p o s s ib i l i ty  i s  t h a t  i t  formed from e x te n s iv e  load  c a s t in g .
T his unique d is tu rb e d  s i l t  a ls o  bears a rem arkable resem blance to  
modern burrowed san d s.
D istu rbed  Bedding. This i s  a g en e ra l c a teg o ry  which in c lu d es  
d is ru p te d  bedding th a t  i s  n o t in c lu d ed  in  th e  c a te g o r ie s  of i n t r a ­
fo rm a tio n a l b re c c ia ,  convo lu te  la m in a tio n s , o r d is tu rb e d  s i l t .  
H o riz o n ta l lam in a tio n s  in  th e  sedim ents a re  b roken , b e n t,  or fo ld e d . 
This type of s t r u c tu r e  i s  p robab ly  caused by slujiqping, o v e rr id in g  
c u rre n ts  t h a t  sh e a r  th e  sed im ent, d i f f e r e n t i a l  lo a d in g , o r a 
com bination o f th e se  f a c to r s .
Figure 9. In tra fo rm a tio n a l b re c c ia .  S la b . Bar « 2 cm.
Figure 10. Convolute lam inations caused by sh e a r  s t r e s s e s
o f overrid ing  s tro n g  c u r r e n ts .  Note scoured  su rfa c e  and 
mud chips a t  top  caused by s tro n g  c u r r e n t .  Dark b leb  a t  
top i s  c h a lc o p y rite . S la b . Bar * 1 cm.
F igure 11. D isturbed s i l t .  S la b . Bar ■ 1 cm.
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Scour and F i l l
Scour and f i l l  s t r u c tu r e s  a re  recogn ized  as d ep ress io n s or 
tro u g h s t h a t  t ru n c a te  underly ing  sedim entary  fe a tu re s  (F ig . 1 3 ). 
Shallow  channels and dep ress io n s may be scoured  in to  th e  b o tta n  
sedim ents a t  tim es of h igh  c u rre n t v e lo c i t i e s .  These a re  l a t e r  
f i l l e d  du ring  d e c rea s in g  c u r re n t  c o n d itio n s .
In c lu s io n s
In c lu s io n s  c o n s is t  o f p a r t i c l e s  th a t  a re  la r g e r  th an  th e  g en e ra l 
g ra in  s iz e  o f th e  en c lo sin g  sed im en t. These in c lu d e  mud ch ip s and 
mud b a l l s .
Mud C hips. Folk  (1952) has d e fin ed  mud ch ips in  lim estone  as 
i n t r a c l a s t s > th a t  i s ,  c la s t s  formed w ith in  th e  sed im en ta tio n  u n i t .  
These i n t r a c l a s t s  form by e ro s io n  o f  d e s ic c a te d  or la y e re d  lim e 
mud, and re d e p o s it io n  of th e  r e s u l t in g  c la s t s  w ith in  th e  sed im en ta tion  
u n i t .  Shinn (1962) has observed la rg e  q u a n t i t ie s  o f i n t r a c l a s t  
sed im ents forming idiere s u p ra t id a l  mud f l a t s  a re  re flo o d e d  a f t e r  
long p e rio d s  of d e s ic c a t io n .
Mud ch ips in  th e  M ille r  Peak Form ation a re  f la k e s ,  o r p e l l e t s  o f 
c la y  w ith in  a  s i l t y  m a tr ix . They range in  s iz e  from le s s  than  a 
m ill im e te r  to  a  few cen tim e te rs  and e x h ib i t  a l l  deg rees o f rounding. 
These mud ch ip s  form in  th e  same way as i n t r a c l a s t s ,  by th e  e ro s io n  
and re d e p o s it io n  o f mud la y e rs  and d e s ic c a te d  mud. To avoid  
c o n fu s io n , th e  term  i n t r a c l a s t  i s  n o t used h e re  s in c e  th e  mud ch ips 
in  th e  M ille r  Peak Form ation do n o t c o n s is ta n t ly  c o n ta in  ca rb o n a te , 
as F o lk 's  d e f in i t io n  im p lie s .
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The p resen ce  o f  mud ch ip s r e f l e c t s  h igh  r a te s  of e ro s io n  and 
sed im ent t r a n s p o r t .  S ilt-m ud  ch ip  beds r e g u la r ly  occur w ith  
h o r iz o n ta l ly  lam inated  s i l t s .  This f a c t  lends credence to  th e  
i n te r p r e t a t i o n  o f  w ater i n  upper regim e flow  when th e se  sedim ents 
were d e p o s ite d .
Mud B a l l s . Mud b a l l s  c o n s is t  o f mud ch ip s c o h es iv e ly  bonded 
in  c o n c e n tr ic  la y e rs  (F ig s . ll^ & 1 5 ). These mud b a l l s  ap p a ren tly  
r e s u l t  from cohesive  c la y  ch ip s  adhering  to  each o th e r  and being 
r o l le d  a long  a f l a t  su rfa c e  c o n tin u a l ly  g a th e rin g  more mud ch ip s 
upon t h e i r  s u r f a c e s . This p robab ly  occurred  du ring  p e rio d s  o f peak 
flow  Wien la rg e  q u a n t i t ie s  o f mud ch ip s  were being  tr a n s p o r te d .
Various workers (McKee, 1967; B e l l ,  19kO) have d esc rib ed  th e  
fo rm ation  o f mud b a l l s  in  f l u v ia l  channels d u rin g  flo o d s  in  a r id  
a r e a s .  Thompson (1968) d e sc r ib e s  mud b a l l s  form ing on t i d a l  f l a t s  
on th e  Colorado R iver D e lta . No in te r n a l  s t r u c tu r e  has been no ted  
w ith in  th e  mud b a l l s  d e sc rib e d  by th e se  w orkers. Mud b a l l s  occur 
th roughou t th e  Lower M ille r  Peak Form ation in  bo th  red  and green 
l i t h o l o g ie s •
M ottled  S i l t
S i l t  in  g reen  a r g i l l i t e  lo c a l ly  e x h ib i ts  l i g h t  co lo red  m o ttle s  
in  a da rk  g reen  m a trix  (F ig . 1 6 ). The l i g h t  m o ttled  m a te r ia l  i s  
p r im a r ily  c a l c i t e  w ith  minor amounts of d o lom ite . The m o ttlin g  
i s  p ro b ab ly  n o t due to  metamorphism s in c e  a d ja c e n t s i l t s  o f th e  same 
g e n e ra l te x tu re  and com position  a re  n o t m o ttle d . These m o ttled
Figure 13* Scour and f i l l  channel* A r g i l l i t e  lam inae have 
been cut^ f i l l e d ,  and l a t e r  deformed by compaction* Slab*
Bar « 1 cm*
Figure Ik* Mud b a l l s  in  re d  a r g i l l i t e .  Mud b a l l s  show l i t t l e  
deform ation* Note arrangem ent in  c o n c e n tr ic  la y e r s  o f mud 
ch ips w ith in  th e  mud b a lls*  Dark g ra in s  a re  quartz*
S lab . Bar » 5 cm*
Figure  15* Mud b a l l  in  green s i l t i t e .  S i l t  m a tr ix  w ith in  th e
mud b a l l  appears l ig h te r  due to  c la y  con ten t*  Note
deform ation of th e  mud b a l l  and th e  surround ing  mud chips* 
Thin section*  Bar * 1 cm*
Figure 16. M ottled s i l t .  L igh t a re a s  c o n ta in  c a l c i t e  and minor





s i l t s  p ro b ab ly  formed in  upper flow  regim e, s in c e  th ey  occur 
in te rb ed d e d  w ith  h o r iz o n ta l ly  lam inated  s i l t s  and mud c h ip - r ic h  
sed im ents th a t  in d ic a te  upper regim e flow  (F ig . 1 7 ) . Scoured 
su rfa c e s  commonly occur a t  th e  base o f m o ttled  s i l t  beds. These 
s t r u c tu r e s  must be r e l a te d  to  e ro s io n  and re d e p o s itio n  in  much the  
same way as th e  mud c h i p - s i l t  beds a re .  S im ila r  m o ttled  s t ru c tu re s  
have been d esc rib ed  in  th e  Precam brian o f South A frica  by Malan 
(1969) .  He su g g ests  t h a t  th ey  formed by e ro s io n  of a lg a l - r i c h  
sedim ents and re d e p o s it io n  o f  the  sedim ent and a lg a l  m ix tu re .
The r e s u l t  i s  a  rock  w ith  c a l c i t e  m o ttl in g . This appears to  be a 
p la u s ib le  e x p la n a tio n  fo r  th e  m o ttlin g  in  th e  Lower M ille r  Peak s i l t s .
C la s t ic  Dikes o r W ater Escape S tru c tu re s
C la s tic  d ik es  a re  in tru s io n s  o r in je c t io n s  o f s i l t  or sand 
in to  sed im entary  ro c k s , and range in  s c a le  from m illim e te rs  to  
m eters in  w id th . They occur where th e re  a re  th ic k  in te rb ed d ed  
sequences of sand and c la y  t h a t  a re  w ater s a tu r a te d ,  and p robab ly  
form  by th e  in je c t io n  of m ob ilized  s i l t s  or sand s lu r r y  in to  over- 
ly in g  beds by h y d ro s ta tic  p re s s u re .
Sellwood (1972) has d e sc rib e d  sm all c l a s t i c  d ike  s t r u c tu r e s  in  
J u ra s s ic  t i d a l  f l a t s  o f Denmark,and has in te rp r e te d  them to  be formed 
by w ater escap ing  up th rough  cohesive  sed im en ts . He term ed them 
w ater escape  s t r u c tu r e s .
S im ila r  w ater escape s t r u c tu r e s  rang ing  from a  m ill im e te r  to  
s e v e ra l  c en tim e te rs  in  w idth  occur th roughou t much o f  th e  Lower M ille r  
Peak s e c tio n s  (F ig . 1 8 ). They a re  s im ila r  in  many in s ta n c e s  to  la rg e
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mud c ra c k s , b u t can be d is t in g u is h e d  by th e  f a c t  th a t  they  c u t many 
lam in a tio n s  and a re  f i l l e d  w ith  a jumbled m a trix  th a t  a lso  commonly 
sp reads o u t over a sedim ent su rfa c e  (F ig s . 19 & 2 0 ).
D esicc a tio n  Cracks
D e sicca tio n  c rack s a re  f r a c tu re s  in  la y e rs  o f mud o r c la y  t h a t  
t y p ic a l ly  form po lygonal su rfa c e  p a t t e r n s .  Mud cracks in  th e  M ille r  
Peak Form ation range in  w idth  from a m ill im e te r  to  f iv e  cen tim e te rs  in  
w id th , and commonly p e n e tra te  one o r more lam inae to  a  depth  o f  one to  
te n  c e n tim e te rs . These c racks a re  f i l l e d  w ith  s i l t ,  sand, and f in e  mud 
c h ip s  from th e  o v e rly in g  sedim ent l a y e r .
Mud c rack s  a re  due to  sh rinkage  o f  c la y  la y e rs  caused by w ater 
lo s s  and l a t e r  f i l l i n g  o f  th e  c racks by th e  succeeding  sedim ent l a y e r .  
These c racks im ply s u b a e r ia l  d ry in g .
Figure 17* M ottled s i l t  u n d e rla in  by scoured  h o r iz o n ta l ly  
lam inated s i l t *  î&id chip  la y e r  a t  top  w ith  mud b a l l  i n  
upper le f t*  Slab* Bar * 2 cm*
Figure 18* Water escape s tru c tu re *  Note d is tu rb e d  bedding 
and manner in  which mud ch ips have been fo rced  a g a in s t  s id e s  
o f s t ru c tu re  by d i f f e r e n t i a l  w ater p ressu re*  Thin sec tio n *
Bar = 1 cm*
Figure 19* Water escape s tru c tu re s*  Note how s t ru c tu r e s  p e n e tra te  
overly ing  beds and bend lam in a tio n s upward. S tru c tu re  a t  
top has m atrix  th a t  s p i l l s  o u t over bedding su rfa c e  to  the  
r ig h t .  S lab . Bar •  1 cm*
Figure 20* Water escape sti*ucture o r  c l a s t i c  dike* In tru s io n  
in to  overly ing  la y e r  has formed a lo c c o l i th  -  l i k e  s tru c tu re *  





Rock type  as ijsed i n  t h i s  th e s is  denotes th e  prim ary  l i th o lo g ie ,  
d e s c r ip t iv e ,  and o b je c tiv e  c h a r a c te r i s t i c s  of a  rock or group of 
ro c k s . The concept used  here  d e a ls  w ith  th e  average c h a r a c te r i s t i c s  
of th e  rocks such as c o lo r ,  t e x tu r e ,  conqposition, sedim entary  
s t r u c tu r e s ,  and o th e r  param eters th a t  a re  r e a d i ly  observed and 
se rv e  to  d is t in g u is h  one rock  from a n o th e r . This c l a s s i f i c a t io n  
r e s u l t s  t o t a l l y  from d e s c r ip t iv e  f i e l d  and la b o ra to ry  work. The 
prim ary  g o a l in  u sing  a  c l a s s i f i c a t io n  o f  t h i s  type i s  t h a t  i t  
enab les th e  in v e s t ig a to r  to  sy n th e s iz e  rock  types or d e s c r ip t iv e  
"packages " from d a ta  c o l le c te d  in  th e  f i e l d  o r la b o ra to ry  from a 
s u i t e  o r sequence o f ro ck s . One can th en  use th e se  rock type 
"packages" e irç jir ic a lly  in  s t r a t ig r a p h ie  work be fo re  an in te r p r e ­
t a t i o n  i s  made, thus avo id ing  th e  m istake o f making the  rocks f i t  
th e  in te r p r e ta t io n  idien i t  i s  p rem atu re ly  based on i n s u f f i c i e n t  
d a ta  and th o u g h t. The d a ta  in  t h i s  th e s is  w i l l  be p re se n te d  in  
such a  way as to  make c le a r  th e  d if fe re n c e  between o b se rv a tio n  and 
in te r p r e t a t i o n .
Rock Types of th e  Lower M ille r  Peak Form ation
Seven rock  types a re  d e sc rib e d  in  th e  low er M ille r  Peak Form ation, 
These can be grouped in to  th re e  m ajor c a te g o r ie s :  1) in  t e r  lam inated
rock ty p e s , 2) bedded rock  ty p e s ,  and 3) a lg a l  rock  ty p e s .
2h
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I n t e r  lam inated  Rock Types* The in te r la m in a te d  rock  types 
in c lu d e :  l )  th ic k  lam in a ted , 2) th in  lam in a ted , and 3) f in e  lam inated
rock  ty p e s . These rock  types c o n s is t  of re p e a te d  lam inae and th in  
beds o f  s i l t  and v e ry  f in e  sand th a t  grade upward in to  c lay sto n e  
lam inae (m icr©grading) • Most s i l t y  and sandy lam in a tio n s have sh a rp , 
scoured  su rfa c e s  a t  t h e i r  b a se s , and grade upward in to  c la y  (F ig . U), 
which i s  in  tu rn  c u t by a scoured  su rfa c e  topped by s i l t  or sand .
The c la y  i s  commonly sun-cracked  and th e  c rack s a re  f i l l e d  by th e
ov erly in g  sand o r s i l t .  C lay la y e rs  commonly show up to  f i f t y  
p e rc e n t d i f f e r e n t i a l  co n p ac tio n . (F ig . 2 1 ) .
The th ic k  lam in a ted , th in  lam in a ted , and f in e  lam inated  rock 
types re p re s e n t  an a r b i t r a r y  su b d iv is io n  o f u n i ts  w ith  lam inae th a t  
range from th ic k e r ,  c o a rse  g ra in ed  lam inae to  th in ,  f in e r  g ra in ed  
lam inae .
Thick Laminated Rock Type. The th ic k  lam inated  rock  type 
c o n s is ts  o f  p a r a l l e l  lam in a tio n s in  s i l t  and c la y  t h a t  range from
one to  f iv e  cen tim e te rs  th ic k ,  w ith  m ost being from one to  two
c en tim e te rs  th ic k  (F ig . 2 2 ) . The g ra in  s iz e  o f th e  co arse  g ra in ed  
lam in a tio n s  ranges from v e ry  f in e  s i l t  to  f in e  and medium sand . 
Carbonate i s  p re s e n t  lo c a l ly  as dolom ite  an d /o r c a l c i t e  g ra in s ,  
and c o n s t i tu te s  up to  f o r ty  p e rc e n t o f th e  t o t a l  g ra in s  p re s e n t .
The s i l t  lam inae a re  l o c a l ly  homogeneous, r ip p le  c ro s s - la m in a te d , 
h o r iz o n ta l ly  lam in a ted , or m o ttle d . F la se r  bedding (R eineck, I 96U) 
and sm all mud ch ip s  a re  common in  th e  co arse  g ra in ed  la m in a tio n s . 
D isru p ted  bedding , scou r and f i l l ,  and w ater escape s t ru c tu re s
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a ls o  occur in  t h i s  rock  ty p e . D e sicca tio n  c racks a re  more common 
in  re d  a r g i l l i t e s  th an  in  green  in  t h i s  rock  ty p e . Beds of s i l t  
t h a t  range in  th ic k n e ss  from f iv e  to  te n  c en tim e te rs  a re  lo c a l ly  
p r e s e n t .  This rock  type  occurs b o th  in  re d  and g reen  sequences.
Thin Laminated Rock Type. The th in  lam inated  rock  type co n ta in s  
p a r a l l e l  lam in a tio n s  in  s i l t  and c la y  th a t  range in  th ick n ess  from 
th re e  m ill im e te rs  to  one c en tim e te r  (F ig . 2 3 ) . The g ra in  s iz e  of 
th e  c o a rse  g ra in e d  lam in a tio n s ranges from v e ry  s i l t  to  v e ry  f in e  
sand . C arbonate g ra in s  lo c a l ly  make up t h i r t y  to  f o r ty  p e rc e n t of 
th e  t o t a l  g r a in s .  The s i l t  lam inae a re  lo c a l ly  homogeneous, r ip p le  
c ro s s - la m in a te d , h o r iz o n ta l ly  lam in a ted , o r m o ttle d . F la s e r  bedding 
i s  much l e s s  w e ll  developed i n  t h i s  rock  type  th an  i n  th e  th ic k  
lam in a ted  rock  ty p e . Sm all mud ch ip s oocur w ith in  th e  s i l t  lam inae , 
and f iv e  to  te n  c en tim e te r s i l t  beds a re  a ls o  p r e s e n t .  The th in  
lam in a ted  rock type a ls o  c o n ta in s  d is ru p te d  bedd ing , scour and f i l l ,  
and w ater escape s t r u c tu r e s .  Mud c racks occur more commonly in  red  
a r g i l l i t e s  th an  in  green  a r g i l l i t e s  o f  t h i s  rock ty p e .
F ine Laminated Rock Type, ih e  f in e  lam inated  rock  type  has 
p a r a l l e l  lam in a tio n s in  s i l t  and c la y  le s s  th an  th re e  m illim e te rs  
th ic k  (F ig . 2U). The g ra in  s iz e  o f th e  co a rse  g ra in ed  lam in a tio n s 
ranges from v e ry  s i l t  to  medium and c o a rse  s i l t .  Sedim entary 
s t r u c tu r e s  in  th e  s i l t  lam inae a re  r a r e ,  and even graded lam in a tio n s  
(m icrograd ing) a re  d i f f i c u l t  to  recogn ize  because th e  range in  g ra in  
s iz e  between th e  co arse  and f in e  g ra in ed  lam inae i s  much l e s s  th an  
in  th e  th ic k  and th in  lam inated  rock  ty p e s . Lam inations a re  m ostly
Figure 21. Thick lam inated  rock  type o v e r la in  by d is tu rb e d  
la y e r . Note d i f f e r e n t i a l  compaction o f  c la y  la y e r  n ear 
s i l t  f i l l e d  mud c ra c k s . Arrow in d ic a te s  b leb  of 
ch a lco p y rite  in  s i l t  c h ip . S lab . Bar * 1 cm.
Figure 22. Thick lam inated rock  type w ith  sinuous s i l t  f i l l e d  
mud cracks caused by com paction. S la b . Bar = 1 cm.
Figure 23. Thin lam inated  rock  ty p e . Note mud c racks f i l l e d  by 
s i l t  and mud c h ip s .
Figure 2li. Fine lam inated rock ty p e . S i l t  lam in a tio n s a re  d a rk . 
S lab . Bar « 1 cm.
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con tinuous and unbroken by mud c ra c k s , b u t mud c racks do occur 
lo c a l ly  a t  th e  tops of some f in e  lam inated  u n its*  Carbonate g ra in s ,  
mud c h ip s , and bedded s i l t s  p re s e n t i n  th e  th ic k  and th in  lam inated  
rock  types do n o t occur in  th i s  rock  type* D isrup ted  bedding, scour 
and f i l l ,  and w ater escape s t r u c tu r e s  a re  scarce*  The f in e  lam inated  
rock  type occurs m ostly  in  th e  green  sequences and only  r a r e ly  in  
th e  red  sequences*
Bedded Rock Types
Bedded rock  ty p es in c lu d e  th e  1) s ilt-m u d  c h ip , 2) s i l t ,  and 
3) o o l i t i c  rock  types* These rock  types c o n ta in  le s s  c la y  and a re  
c o a rse r  g ra in ed  than  th e  i n t e r  lam inated  rock ty p e s . The beds 
commonly have h o r iz o n ta l  la m in a tio n s , c ro s s -b e d s , f a i r l y  good 
s o r t in g ,  and a  g ra in  s iz e  rang ing  from co arse  s i l t  to  medium and 
co arse  sand*
S ilt-m ud  Chip Rock % > e* This rock  c o n s is ts  p r im a r ily  of s i l t  
and f in e  sand mixed w ith  c la y  chips* The s i l t  and mud ch ip s a re  
arranged  in  a l te r n a t in g  la y e rs  o f c le a n  s i l t  and s i l t  mixed w ith  mud 
ch ip s rang ing  in  th ic k n ess  from one to  tw enty c e n tim e te rs . The 
mud ch ip s range in  s iz e  from one m illim e te r  to  se v e ra l  c e n tim e te rs , 
a re  an g u la r to  subrounded, and com prise from f o r ty  to  seven ty  p e rc e n t 
o f th e  rock  (Fig* 2$)* Scour and f i l l  i s  common a t  th e  base o f 
s ilt-m u d  ch ip  u n its*  H o rizo n ta l s t r a t i f i c a t i o n  predom inates in  th e se  
b ed s , and c ro ss-b ed d in g  and r ip p le  c ro s s - la m in a tio n s  a re  ra re*  Mud 
b a l l s  and m o ttled  s i l t s  occur lo c a l ly ,  w hile  o th e r  sed im entary  
s t r u c tu r e s  a re  absent*  This rock  type  i s  ex trem ely  common in  red
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sequences, and i s  only  s l i g h t l y  l e s s  abundant in  green sequences.
S i l t  Rock Type. The s i l t  rock  type  c o n s is ts  o f s i l t  and very  
f in e  to  medium and co arse  sand which crops out as m assive beds 
from te n  to  s ix ty  cen tim e te rs  th ic k .  Sparse c la y  lam ina tions occur 
as th in  ( le s s  than  1 cm.) c la y  p a r t in g s  w ith in  th e  s i l t  beds.
The s i l t  beds a re  lo c a l ly  in te r n a l ly  homogeneous, h o r iz o n ta l ly  
lam in a ted , m o ttle d , c ro ss-b ed d ed , r ip p le  c ro ss - la m in a te d , and 
r i p p l e - d r i f t  c ro ss - la m in a te d . They commonly e x h ib i t  scour s u r fa c e s , 
p a r t i c u l a r ly  a t  th e  base of many b ed s . Mud ch ip s a re  common b u t 
conç>rise l e s s  th an  fo r ty  p e rc e n t of th e  ro c k , and a re  s c a t te re d  
th roughou t th e  s i l t  beds as in d iv id u a l  c la s t s  or as th in  ( le s s  than  
5 cm.) mud ch ip  la y e r s .  On th e  o th e r  hand, mud b a l ls  occur most 
commonly in  t h i s  rock  type (F ig . 2 6 ). D istu rbed  s i l t  occurs 
e x c lu s iv e ly  in  th e  s i l t  rock  ty p e . Dolomite and c a l c i t e  compose up 
to  f i f t y  p e rc e n t o f th e  rock  in  some c a se s .
O o li t ic  Rock Type. This rock type c o n s is ts  o f m oderately  w ell 
s o r te d  f in e  s i l t  to  medium sand w ith  te n  to  tw enty p e rc e n t o o l i t e s .  
Large q u a rtz  sand g ra in s  (1 mm.) a re  common. Dolomite and c a lc i t e  
occur as g ra in s  and m a tr ix , and c o n s t i tu te  up to  f i f t y  p e rc e n t o f 
th e  ro c k . The types a re  as fo llo w s: 1) o o l i te s  w ith  hem atite
c e n te rs  surrounded by c a l c i t e ,  2) r e c r y s ta l l i z e d  o o l i te s  of c a l c i t e  
w ith  h em atite  ghosts of co n ce n tr ic  s t r u c tu r e ,  3 ) o o l i te s  rep laced  
by q u a rtz  and p la g io c la s e  w ith  h em atite  ghosts (F ig . 2 7 ), and 
h) c h lo r i t i c  o o l i t e s .  The o o l i t i c  s i l t  beds a re  commonly c ro s s ­
bedded and h o r iz o n ta l ly  lam in a ted , and occur p r im a r ily  in  th e  red  
sequences.
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A lgal Rock Types
The a lg a l  rock types c o n s is t  o f s t r o m a to l i te s ,  a lg a l  pods 
(O 'Conner, 1972), and a lg a l  m ats. These beds a re  m ostly  l i g h t  
g ra y is h  ye llow -g reen  dolom ite or c a l c i t e  and w eather b u ff  to  ta n . 
The s tro m a to l i te s  form d i s t in c t iv e  r e s i s t a n t  beds t h a t  a re  e a s i ly  
recogn ized  and a re  u s e fu l  as key beds in  c o r r e la t io n .  The a lg a l  
pods and a lg a l  mats occur on ly  lo c a l ly  and a re  more d i f f i c u l t  to  
d is t in g u is h  (F ig . 2 8 ). Wavy lam in a tio n s in  s i l t  and c la y  commonly 
occur above th e se  a lg a l  m ats. The a lg a l  rock  types g e n e ra lly  occur 
w ith in  th e  in te r la m in a te d  rock  ty p e s .
Figure 25. S i l t  -  imid chip  rock  ty p e . Note wide v a r ie ty  o f 
rounding. S lab . Bar = 1 cm.
F igure 26. S i l t  rock ty p e . H o riz o n ta lly  lam inated  on top  and 
bottom . Large mud b a l l s  l i e  on scoured  s u r fa c e . S lab .
Bar ■ 1 cm.
Figure 27. O o lite  rep laced  by q u a rtz  showing hem atite  g host 
of concen tric  s t r u c tu r e .  Photom icrograph, p lane  p o la r iz e d  
l i g h t .  Bar -  0.25 mm.
Figure 28. A lgal mat rock  ty p e . White la y e rs  a re  algsQ. mats 
th a t  show lo c a l  lam in a tio n s . Note wavy lam in a tio n s  of c la y  
draped over a lg a l  m ats. Dark b leb s a re  c h a lc o p y r i te .  S lab . 
Bar * 2 cm.
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CHAPTER V
INTERPRETIVE FACIES OF THE LOWER MILLER PEAK FORMATION 
F ac ies Concept
The term  fa c ie s  as used in  th i s  th e s is  denotes th e  g en e tic  
and d e p o s itio n a l  a sp e c ts  o f a p a r t i c u la r  environm ent, and in c lu d es 
th e  sedim ents formed w ith in . F ac ies a re  in te rp re te d  and sy n th esized  
from th e  d a ta  ob ta ined  from th e  d e s c r ip t iv e  rock ty p e s , and a 
p a r t i c u la r  f a c ie s  may in c lu d e  one o r more p re v io u s ly  d escrib ed  rock 
ty p e s . F ac ies in te r p r e ta t io n s  a re  su b je c tiv e  and re q u ire  i n t e r ­
p r e ta t io n  o f th e  d e s c r ip t iv e  c h a r a c te r i s t i c s  o f th e  ro ck , the  rock  
types as "packages” ,  and th e  l a t e r a l  in te r r e la t io n s h ip s  between 
rock  ty p es along w ith  an in te r p r e ta t io n  o f sed im entary  environm ents.
A fte r  f a c ie s  have been reco g n ized , c o r r e la te d  v e r t i c a l  s e c tio n s  
may then  be used to  produce fa c ie s  t r a c t s  or sed im en ta tio n  models 
by th e  a p p lic a tio n  o f W alther *s Law (which s t a te s  th a t  d i f f e r e n t  
l i th o lo g ie s  o ccu rrin g  in  v e r t i c a l  su ccessio n  must a ls o  show the 
same l a t e r a l  su c c e ss io n ) . S ince t h i s  th e s is  d e a ls  only w ith  two 
measured s e c t io n s ,  the  sy n th e s is  o f f a c ie s  i s  s e v e re ly  hampered.
The f a c t  t h a t  th e  M il le r  Peak Form ation and W allace Form ation rocks a re  
so  l a t e r a l l y  co n tin u o u s, makes th e  use o f W alth e r ' s Law fe a s ib le  and u se fu l 
in  s y n th e s is  o f fa c ie s  t r a c t s  in  th is  c a se . An overview of g en e ra l 
M ille r  Peak L ith o lo g ie s  has been used w ith  W alther*s Law in  mind to  
a id  in  th e  fo rm u la tio n  o f a  d e p o s itio n a l  model.
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F ac iès  o f th e  Lower M ille r  Peak Form ation
Four f a c ie s  a re  recogn ized  and d e sc rib e d  in  th e  lower M ille r  
Peak Form ation . They a re :  l )  S u p ra tid a l f a c ie s ,  2) I n t e r t i d a l
and S u b tid a l f a c i e s ,  3) Channel f a c ie s ,  and L) Mud f l a t  flo o d  s i l t  
f a c ie s .  These f a c ie s  a re  diagrammed as a d e p o s itio n a l  model in  
F igu re  29. S tra t ig ra p h ie  s e c tio n s  a re  p re sen te d  in  P la te s  I ,  I I ,
I I I ,  and IV.
F ac ies in te r p r e ta t io n s  in  th e  lower M ille r  Peak Form ation a re  
in te r p r e ta t io n s  o f p o s t -d e p o s i t io n a l , as w ell as d e p o s itio n a l 
p ro c e ss e s .
S u p ra tid a l F a c ie s . The s u p ra t id a l  fa c ie s  i s  c h a ra c te r iz e d  by 
th e  th ic k  and th in  lam inated  rock  types and th e  s ilt-ra u d  ch ip  rock 
ty p e . The in te r la m in a te d  rock types r e s u l t  from d e p o s itio n  of 
suspended sedim ent load  d is t r ib u te d  over a wide a re a . The e x te n s iv e , 
deep mud c racks o f th e  s u p ra t id a l  sedim ents in d ic a te  prolonged 
exposure to  d ry in g  s u b a e r ia l  c o n d itio n s . The s ilt-m u d  ch ip  rock type 
o f  th e  s u p ra t id a l  f a c ie s  in d ic a te s  e x te n s iv e  rew orking of 
p re v io u s ly  d ep o site d  sed im en ts , as w e ll as d ry ing  c o n d itio n s .
These p a re n t sedim ents were someWiat in d u ra te d  s in c e  mud ch ips 
d e riv e d  from them a re  commonly rounded and only  s l i g h t l y  deform ed.
Mud b a l l s  in  th e  s u p ra t id a l  red  a r g i l l i t e s  a re  w ell rounded and 
show l i t t l e  de fo rm ation , a ls o  su g g estin g  d ry  d e p o s itio n a l  env iron ­
m ents. The lac k  of d is ru p te d  bedding f e a tu r e s ,  a lg a l  m ats, and 
s tro m a to l i te s  a ls o  a t t e s t s  to  a d ry , s u b a e r ia l  environm ent w ith  
m odera te ly  in d u ra te d  sed im en t. The o o l i t i c  rock  types in  th e
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s u p r a t id a l  f a c ie s  re p re s e n t  boundary o r tem porary sh o re lin e  
c o n d itio n s  vhere o o l i t e s  were form ed.
I n te r  lam inated  and mud ch ip  sedim ents may be formed in  la k e s , 
on f lo o d  p la in s ,  and on t i d a l  f l a t s .  The p r o l i f i c  mud cracks and th e  
l a t e r a l  e x te n t  o f  th e se  sedim ents along w ith  th e  occurrence o f 
o o l i te s  s tro n g ly  in d ic a te s  a s u p ra t id a l  o r ig in .
Sediment in  th e  s u p ra t id a l  f l a t s  was d is t r ib u te d  by t i d a l  
c u r re n ts  and flo o d s over the  e x te n s iv e  mud f l a t ,  producing evenly  
in te r la m in a te d  s i l t s  and c lay s  w ith in te rsp a ce d  h o r iz o n ta l ly  
lam inated  s i l t s  and san d s . The s u p ra t id a l  f l a t s  were only  
p e r io d ic a l ly  inundated  by h igh  t id e s  and f lo o d s , and th u s sun 
d ry in g  o f  muds was in te n s e  du ring  p e rio d s  o f long  s u b a e r ia l  exposure . 
Long exposure o f  o x id iz in g  c o n d itio n s  accounts fo r  th e  predom inant 
re d  c o lo r  o f  th e  s u p ra t id a l  sed im en ts . The e x te n s iv e  mud f l a t  a re a s  
and h igh  r a t e s  o f sedim ent si:^p ly  p re v e n t th e  fo rm ation  o f w e ll 
developed beach d ep o sits#  The few o o l i te s  p re s e n t  p ro b ab ly  formed 
where ra p id  s i l t  and sand d e p o s itio n  formed tem porary n ea r shore 
b a r s ,  and where wave a c tio n  was s u f f i c i e n t  to  form o o l i t e s .  Dolomite 
formed as syngenetic  dolom ite  in  th e  low er s u p ra t id a l  f l a t s  from 
ev ap o ra tin g  se a  w a te r . Sun d r ie d  muds were e a s i ly  to rn  up and r e ­
d e p o s ite d  as mud ch ip s when h igh  t id e s  o r flood  w aters covered the  
s u p r a t id a l  f l a t s #  These mud ch ip s  a re  commonly rounded, in d ic a t in g  
t r a n s p o r t  ac ro ss  th e  s u p ra t id a l  f l a t#  Mud b a l l s  p robab ly  formed 
d u rin g  f lo o d s  a c ro ss  th e  s u p ra t id a l  f l a t#
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I n t e r t i d a l  and S u b tid a l F a c ie s # The i n t e r t i d a l  and s u b tid a l  
sed im en tary  environm ents a re  n o t d is t in g u is h a b le  in  th e se  ro ck s , and 
th e re fo re  a re  combined in to  a s in g le  f a c i e s .
The i n t e r t i d a l  f a c ie s  i s  c h a ra c te r iz e d  by th e  green i n t e r -  
lam inated  s i l t  and c la y  o f th e  l )  th ic k ,  2) th in ,  and 3) f in e  
lam inated  rock ty p e s , and by th e  a lg a l  rock  ty p e s . Mud cracks 
in  th e  i n t e r t i d a l  fa c ie s  a re  common, bu t g e n e ra lly  c u t few 
lam in a tio n s  and a re  le s s  abundant th an  in  th e  s u p ra t id a l  f a c ie s .
This in d ic a te s  s h o r t  p e rio d  s u b a e r ia l  exposure along w ith  freq u en t 
sub-aqueous c o n d it io n s . Sediment was d is t r ib u te d  over th ese  
e x te n s iv e  mud f l a t s  by t i d a l  c u rre n ts  and f lo o d s . This r e s u l te d  in  
in te r la m in a te d  s i l t  and c la y  w ith  in te rsp a c e d  h o r iz o n ta l ly  lam inated  
s i l t  and sand u n i t s .  Thickness of lam inae in  th e  i n t e r  lam inated  
sedim ents depended on th e  p ro x im ity  to  a  sedim ent so u rce , and on th e  
amount o f suspended sedim ent in  th e  w aters covering  th e  mud f l a t s .
Mud ch ip s  and mud b a l l s  w ith in  th e  i n t e r t i d a l  fa c ie s  are  
commonly angu lar and deform ed, and su g g est p l a s t i c i t y  a t  th e  time 
of d e p o s i tio n s . Common d is ru p te d  bedding fe a tu re s  and w ater escape 
s t r u c tu r e s  im ply h igh  w ater c o n te n t o f th e  sedim ents and sub­
aqueous c o n d itio n s  o f d e p o s itio n . The p resence  of a lg a l  mats and 
s tro m a to l i te s  connotes i n t e r t i d a l  o r shallow  w ater d e p o s itio n  of the  
sed im en ts . The dom inant green  c o lo r  o f th e  i n t e r t i d a l  sedim ents a ls o  
su g g ests  reducing  c o n d itio n s  and a sub-aqueous environm ent.
F la s e r  bedding i s  common in  th e  i n t e r t i d a l  f l a t  sedim ents and 
f u r th e r  suppo rts  th e  i n t e r t i d a l  fa c ie s  i n te r p r e ta t io n .  Sm all ( le s s  
th an  one m eter wide) lo c a l  channels a re  common w ith in  th e  i n t e r t i d a l  
rocks and re p re se n t  t i d a l  ch an n e ls . O ccasional flo o d s  produced
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h o r iz o n ta l ly  lam inated  s i l t s  Wiich covered th e  i n t e r t i d a l  f l a t s .  
L a te r a l ly  e x te n s iv e  f in in g  upwards channel sequences r ep r e se n tin g  
d i s t r ib u t a r y  channels occur th roughout th e  i n t e r t i d a l  f a c ie s .
A lga l m ats9 a lg a l  pods (0*Conner, 1972), and s tro m a to l ite s  
grew in  th e  i n t e r t i d a l  f l a t s  and p o o ls , and in  in te r d is  t r ib u ta r y  
b ay s. S tro m a to lite s  grew in  a re a  o f low sedim ent supp ly  and th e re fo re  
commonly occur w ith  f in e  lam inated  rock types (see  Appendix I I ) .
Channel F a c ie s . The channel f a c ie s  i s  c h a ra c te r iz e d  by f in in g  
upwards sequences in  s i l t  rock  types t h a t  pass upward in to  i n t e r -  
lam in a ted  rock  ty p e s . Sedim entary s t r u c tu r e s  change from c ro s s -  
bedding to  h o r iz o n ta l  lam in a tio n s  to  r ip p le  c ro ss - la m in a tio n s  or 
r i p p l e - d r i f t  c ro s s - la m in a tio n s  in  th e  s i l t  rock  ty p e s . These 
sequences in  th e  s i l t  rock  type a re  topped  by in te r la m in a te d  rock  
types*  This sed im en ta ry  s t r u c tu r e  sequence forms from bed lo ad  
t r a n s p o r t  changing upwards to  suspended lo ad  d e p o s itio n . This 
sequence in d ic a te s  d ec rea sin g  stream  depth  and competency ty p ic a l  
o f channel p o in t b a r d e p o s its  (V ish e r, 1965). Meandering stream  
channels ac ro ss  f l a t  su rfa c e s  can produce b la n k e t sands e x h ib it in g  
t h i s  sequence of s t r u c tu r e s  (V ish e r, 1965). The channel s i l t  and 
sand u n i ts  a re  l a t e r a l l y  continuous in  th e  two M ille r  Peak se c tio n s  
measured (P la te  IV ).
Mud b a l l s  w ith in  th e  channel s i l t s  in d ic a te  e ro s io n  o f channel 
banks. Bank e ro s io n  a ls o  formed mud ch ip s th a t  were in co rp o ra te d  
in to  th e  channel s i l t s  and were a ls o  su p p lied  to  th e  ad jo in in g  mud 
f l a t s  by overbank channel flow .
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The channel sequences re p re s e n t  d i s t r ib u t a r y  channels th a t  
meandered over th e  s u p ra t id a l  and i n t e r t i d a l  f l a t s  and th e re fo re  
c u t  bo th  i n t e r t i d a l  and s u p r a t id a l  sed im en ts .
Mud F la t  Flood S i l t  F a c ie s> The mud f l a t  flood  s i l t  f a c ie s  i s  
c h a ra c te r iz e d  by h o r iz o n ta l ly  lam inated  s i l t  rocks te n  to  t h i r t y  
c e n tim e te rs  th ic k  in te rsp a c e d  w ith in  th e  i n t e r  lam inated  rocks of 
th e  i n t e r t i d a l  and s u p ra t id a l  fa c ie s*  These h o r iz o n ta l ly  lam inated  
s i l t s  re p re s e n t  in te r m i t te n t  bed lo ad  t r a n s p o r t  occu rring  over the  
mud f l a t s .  McKee e t .  a l .  (1967)^ no te  e x te n s iv e  development o f 
h o r iz o n ta l ly  lam inated  s i l t s  in  th e  flo o d  p la in s  o f  in te rm i t te n t  
stream s «
P e rio d ic  flo o d in g  o f  d i s t r ib u t a r y  channels r e s u l te d  in  in c reased  
sedim ent (bed lo ad ) t r a n s p o r t  and d e p o s itio n  of h o r iz o n ta l ly  
lam inated  s i l t s  over th e  s u p ra t id a l  and i n t e r t i d a l  mud f l a t s .  These 
M ille r  Peak h o r iz o n ta l ly  lam inated  s i l t s  a re  l a t e r a l l y  e x te n s iv e , 
b u t p inch  ou t in to  s ilt-m u d  ch ip  and in te r la m in a te d  s i l t  and c la y  
ro c k s . This l a t e r a l  change re p re se n ts  a decrease  o f w ater v e lo c i ty  
and d e p o s itio n  of mud ch ip s and c la y  a t  th e  edges of th e  f lo o d  
w a te rs . Mud b a l l s ,  mud c h ip s , and sco u r su rfa c e s  ccwimonly occu rring  
w ith  th e s e  s i l t  la y e r s  a ls o  in d ic a te  e ro s io n  o f p re v io u s ly  d ep o sited  
sed im en ts .
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The M ille r  Peak Form ation l i e s  between th e  W allace Form ation and the  
Bonner Form ation and i t s  d e p o s i tio n a l  environm ent appears to  r e f l e c t  
t h i s  s p a t i a l  and l i th o lo g ie  r e l a t io n s h ip ♦
O'Conner (196?) in te rp r e te d  th e  W allace Form ation as a  shallow  w ater 
ca rbonate  bank o f th e  "B e lt S ea". On th e  o th e r  hand, W inston (1973) 
in te r p r e t s  th e  Bonner Form ation as a  p e d ip la in  su rfa c e  formed by b ra id ed  
stream s w ith  g ra in  s i z e ,  s tream  competency, and sc a le  o f c ro ss  
bedding d ec rea sin g  towards th e  seaward m arg ins.
The M ille r  Peak Form ation r e f l e c t s  d e p o s itio n  of suspended 
sedim ents whose sou rce  may have been th e  Archean igneous and 
metamorphic t e r r a in s  to  th e  so u th e a s t (W inston, 1973). These 
sedim ents were tra n s p o r te d  acro ss  th e  Bonner p e d ip la in s  and 
p ro g re s s iv e ly  d ep o site d  over th e  carbonate  banks o f th e  W allace For­
m ation . The Bonner stream s formed c o a le s in g  d e l ta ic  p la in s  and mud f l a t s  
where th ey  em ptied in to  th e  "B e lt Sea".
R egional C h a ra c te r is t ic s  o f  th e  M ille r  Peak Form ation
R econaissance f i e l d  o b se rv a tio n  o f th e  M ille r  Peak Form ation 
l o c a l i t i e s  in  th e  Swan Range, M ission M ountains, e a s te rn  Bob 
M arsha ll W ilderness A rea, F l in t  Creek Canyon, and C lark Fork R iver 
w est o f M issou la , le a d s  to  some g e n e ra liz a tio n s  th a t  a re  h e lp fu l  in  
in te r p r e t in g  th e  d e p o s i t io n a l  environm ent of th e  M ille r  Peak Form ation.
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In  a very  g e n e ra l way th e  low er M ille r  Peak Form ation e x h ib its  the*
fo llo w in g  c h a r a c t e r i s t i c s :  l )  E astern-m ost l o c a l i t i e s  have: a) An
ab ru p t change v e r t i c a l l y  from carbonate  o f th e  Helena Dolomite 
(W allace Form ation ex te n s io n ) upward in to  a r g i l l i t e ,  b) Green a r g i l l i t e  
above th e  Helena Dolomite i s  th in  ( le s s  th an  100 f e e t ) ,  c ) Coarse sand 
and o o l i te s  a re  common, d) Red a r g i l l i t e  i s  b r ig h t ,  e a r th y  red  r e f le c t in g  
a h igh  h em a tite  c o n te n t. 2) L o c a l i t ie s  f u r th e r  west (M ission and Swan 
Ranges) have: a) A more g ra d a tio n a l change from carbonate  upward in to  
a r g i l l i t e ,  b) Green a r g i l l i t e  above th e  W allace Form ation i s  th ic k e r  
(100 to  200 f e e t ) . c ) In terbedded  in te r v a ls  (beds approxim ately  10 f e e t  
th ic k )  o f red  and g reen  a r g i l l i t e  th a t  t o t a l  s e v e ra l  hundred f e e t  in  
th ic k n e s s ,  d) R eduction in  th e  amount of c o a rse  sand and o o l i t e s .
3) L o c a l i t ie s  to  th e  w est (A lberton) have: a) A g ra d a tio n a l change from 
carb o n a tes  o f th e  W allace Form ation upward in to  a r g i l l i t e s  over a few 
hundred f e e t ,  b) Thick (200 to  UOO f e e t )  g reen  a r g i l l i t e  s e c tio n s  above 
th e  W allace Form ation, c ) Red a r g i l l i t e  t h a t  i s  d u l l ,  p u rp lis h  r e d , 
r e f l e c t in g  a lower h em a tite  c o n te n t, d) Rare co arse  sand and o o l i t e s .
The above o b se rv a tio n s sug g est th e  fo llow ing  in te r p r e ta t io n s  on 
d e p o s i t io n a l  environm ent: 1) An e a s te rn  c o n tin e n ta l  source of
sedim ent *vdiich p rov ided  h em atite  and co arse  sand . 2) Shallow 
carbonate  banks to  the  e a s t  where o o l i te s  were formed and were mixed 
w ith  incoming te r r ig e n o u s  sedim ents ( th i s  i s  c o n s is te n t  w ith  
O 'C onner's (1967) m odels). 3) Deeper w ater to  th e  w est where green 
sedim ents were formed.
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D e lta ic  Environment
Sedim ent-laden stream s from igneous and metamorphic uplands 
formed th e  b ra id e d  stream s of th e  Bonner Form ation (W inston, 1973). 
D is t r ib u ta r ie s  were formed on d e l t a i c  p la in s  where th ese  stream s met 
th e  shallow  "B e lt S ea". Stream  depths were so shallow  (p robably  le s s  
th an  one fo o t)  t h a t  t r a n s i t i o n  flow  h o r iz o n ta l ly  lam inated  s i l t s  formed 
th e  m a jo r ity  of th e  d e l ta ic  s u r fa c e . (F in e , h o r iz o n ta l ly  lam inated  
fa c ie s  o f W inston, 1973). Suspended s i l t  and c la y  were d ep o sited  
seaward frcam th e  d e l ta ic  su rfa c e s  on b road , mud f l a t s  which re p re se n t 
f o r e -d e l ta  and p ro d e l ta  sed im en ts.
The ex te n s iv e  mud f l a t  a re a s  and th e  h igh  r a te  of sedim ent 
sup p ly  p rev en ted  th e  fo rm ation  of beach d e p o s i ts .  Sediment was d i s ­
t r ib u te d  by t i d a l  c u rre n ts  and flo o d s over th e  e x ten siv e  mud f l a t  
and d e l ta ic  p la in  a re a s  producing  even ly  in te r la m in a te d  s i l t s  and 
c la y s  w ith  in te rsp a c e d  h o r iz o n ta l ly  lam inated  s i l t s  and san d s. 
H o riz o n ta lly  lam inated  s i l t s  r e s u l te d  from d i s t r ib u ta r y  channel flow 
and f lo o d  p la in  d e p o s i ts .  Algae grew in  in te r d i s t r i b u t a r y  bays 
and o ffsh o re  where sedim ent in f lu x  was low . The ra p id  sed im en ta tion  
r e s u l te d  in  a p rog rad ing  d e l t a i c  sequence th a t  covered th e  W allace 
Form ation carbonate  banks and graded v e r t i c a l l y  in to  th e  coarse  
pedim ent d e p o s its  of the  Bonner Form ation.
In  comparing th e  environm ent o f th e  M ille r  Peak Form ation modern 
d e l t a i c  environm ents one must co n sid er t h a t  th e  on ly  f o s s i l s  in  th e  P ré ­
cam brien a re  a lg a e . The lac k  of land  p la n ts  and anim als in  th e
h i
B e lt  hampers th e  com parison and in te r p r e ta t io n  in  th a t  s t r u c tu r e s  
p re se rv e d  in  th e  B e lt  a re  p robab ly  destro y ed  by b io tu rb a tio n  in  
modern d e l t a s ,  and p la n t  and anim al rem ains th a t  ta g  modern 
environm ents a re  ab sen t in  th e  B e lt .  The la c k  o f v e g e ta tiv e  land  
cover r e s u l te d  i n  g re a te r  e ro s io n  and sed im en ta tion  r a te s  in  th e  B e lt .  
F lu v ia l  c o n d itio n s  p robab ly  resem bled those  of modern a r id  re g io n s , 
even though B e lt  c lim a te  may have been q u ite  humid.
The sed im en tary  s t r u c tu r e s  in  th e  M ille r  Peak Form ation c lo s e ly  
resem ble sed im entary  s t r u c tu r e s  in  modern d e l t a s .  The M ille r  Peak 
s t r u c tu r e s  conpare c lo s e ly  w ith  s t r u c tu r e s  d e sc rib e d  by Coleman and 
G agliano (1965) on th e  M iss is s ip p i D e lta . R ipple c ro s s - la m in a tio n s , 
c ro s s -b e d s , scou r and f i l l ,  and mud ch ip s ty p if y  channels in  both  
in s ta n c e s .  C on to rted  beds a re  common in  d e l ta  fo re -s lo p e  sed im en ts .
Thin lam in a tio n s  and p la n t  m a te r ia l  (a lg ae  in  th e  M ille r  Peak) occur in  
i n t e r d i s t r i b u t a r y  bays. Mud f l a t s  a re  re p re se n te d  by evenly  i n t e r -  
lam inated  s i l t  and c la y ,  and h o r iz o n ta l ly  lam inated  s i l t s  and scour 
ty p i f y  d i s t r ib u t a r y  lev e es  and overbank sedim ents o f bo th  d e l ta  
env ironm en ts•
Perhaps the  c lo s e s t  modem analog to  th e  M ille r  Peak environm ents 
can be found on th e  Colorado R iver D e lta . Lack o f v e g e ta tio n , h igh  
r a t e  of se d im e n ta tio n , and e x ten siv e  mud f l a t s  compare c lo s e ly  to  
th e  in te r p r e te d  environm ent o f th e  M ille r  Peak Form ation. The e x te n s iv e , 
broad mud f l a t s  (g ra d ie n t o f 1 .6  cm./Km. -  Thompson, 1968) exem plify  
th e  environm ent in f e r r e d  fo r  th e  d e p o s itio n  of th e  M ille r  Peak 
Form ation (F ig . 3 0 ). The bedding su rfa c e s  of th e se  lam inated  sedim ents 
a re  broad and e x te n s iv e ly  mud cracked in  th e  s u p ra t id a l  zone. Sediments
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a re  g e n e ra lly  being  ox id ized  from brown to  red  in  th i s  environm ent. 
M oderate mud c ra c k in g , a lg a l  m ats, and i n t e r t i d a l  poo ls form upon the  
lam inated  sedim ents o f  th e  i n t e r t i d a l  zone (F ig . 3 1 ). D is tr ib u ta ry  
channels o f th e  Colorado R iver D e lta  c u t bo th  s u p ra t id a l  and i n t e r t i d a l  
zones. The t o t a l  mud f l a t  and d e l ta  a re a  i s  flooded  once or tw ice 
an n u a lly  and bed lo ad  sands a re  d ep o site d  a t  t h i s  tim e over th e  mud 
f l a t s  (Thompson, 1968),
The analogy  in  th e  sedim ents b reaks down, however, s in c e  the  
a r id  Colorado D e lta  environm ent forms gypsum and h a l i t e  iAiich has 
d estro y ed  many sed im entary  s t r u c tu r e s  and r e s u l te d  in  th e  c h a o tic  
sedim ents d e sc rib e d  by Thonqpson (1968), There i s  no evidence fo r  such 
c h a o tic  sedim ents in  th e  M ille r  Peak Form ation.
F igure  30 . Mud cracked  s u p r a t id a l  f l a t  on th e  C olorado R iver 
D elta  w est of La C orv ina, B aja C a l i f o r n ia ,  M exico.
F igure  31 . I n t e r t i d a l  mud f l a t  on e a s te rn  s id e  o f Colorado 
R iver D e lta . Knife in d ic a te s  a lg a l  mats growing in  sha llow  
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CHAPTER VII
COLOR GENESIS IN THE LOWER MILLER PEAK FORMATION
The s ig n if ic a n c e  of red  beds has long been a source  of debate  
in  geology* The m ineralogy o f  the  rocks in  the  M ille r  Peak Form ation 
was in v e s t ig a te d ,  and th e  r e s u l t in g  d a ta  g ive some c lu e  as to  th e  
d e p o s i t io n a l  and geochem ical environm ent re sp o n s ib le  fo r  red  and 
g reen  c o lo r  dorm ation*
The B e lt  Atmosphere
B efore a tten ç )tin g  to  make in fe re n c e s  on th e  geochem ical 
environm ent, th e  c o n d itio n  o f  th e  atm osphere during  th e  Late 
P recam brian must be considered*
The most im portan t s in g le  atm ospheric a sp ec t to  be considered  
i s  th e  oxygen c o n te n t a t  th e  time of M ille r  Peak deposition*
Cloud (1968) and R utten  (1969) no te  th e  f i r s t  occurrence of red  
beds a t  about 1*8 b i l l i o n  y e a rs .  From th i s  th ey  assume th a t  
atm ospheric  oxygen a t  the  tim e was s u f f i c i e n t  to  produce ox id ized  
red  beds* The M ille r  Peak Form ation has been da ted  between 1*0 and 
1*2 b i l l i o n  y ears  old (Obradovich & Peterm an, 1968) * At th is  tim e th e  
oxygen le v e l  was more th an  0*01 PAL (p re se n t atm ospheric le v e l)  and was 
p ro b ab ly  s u f f i c i e n t  to  form red  beds (Fig* 32)* This low oxygen le v e l  
had l i t t l e  e f f e c t  on th e  g ro ss  geochem ical a sp ec ts  o f red  bed form ation  
as can be seen  on F igu re  35* We can , th e r e f o re ,  assume th a t  red  
bed fo rm ation  was e s s e n t i a l l y  th e  same chem ica lly  d u rin g  M ille r  
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F igure  32. O u tline  o f  th e  atm ospheric h i s to r y  o f  O2 and CÔ * 
a ) Oxygen m ain tained  a t  th e  Urey le v e l  by th e  p h o to a is s o c ia t io n  
o f  w ater v apo r, b) P h o to sy n th esis  by e a r ly  organism s r a i s e s  O2 
l e v e l ,  c) Og m ain tained  a t  th e  P a s te u r  l e v e l  by f a c u l ta t iv e  
r e s p i r a t in g  m icrobes, d) Increased  p h o to sy n th e tic  organisms caused 
in c re a s in g  Og le v e ls  in  th e  e a r ly  Precam brian and throughout th e  
P hanerozo ic . The Dala Sandstones a re  th e  f i r s t  red  beds form ed. 
From R u tte n , 1969• Oxygen le v e ls  du ring  M ille r  Peak d e p o s itio n  
(1 .0  b i l l ,  y e a rs )  were h igh  enough to  form red  beds.
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G eneral C olor R e la tio n sh ip s
The re d  and green  c o lo r  boundaries in  th e  M ille r  Peak Formation 
c ro ss  tim e- s t r a t ig r a p h ie  boundaries in  an e a s t-w e s t d i r e c t io n  and 
p a r a l l e l  them in  a  n o r th -so u th  d i r e c t io n  (0*Conner, 196?).
L o ca lly  re d  a r g i l l i t e  has been a l te r e d  to  green  a r g i l l i t e  
along  j o i n t  p lan es  and fa u l ts *  The green  a r g i l l i t e s  in  th ese  
p la c e s  i s  ty p ic a l ly  surrounded by th in  y e llo w ish -g reen  re d u c tio n  
ha lo s * The re d -g re e n  boundary i s  sh a rp , b u t i r r e g u la r ,  as i t  cu ts  
v a r io u s  p rim ary  sed im entary  s t r u c tu r e s  in d is c r im in a te ly  (F ig . 33)#
P é tro g rap h ie  Data
Composition o f S i l t s * The com position o f th e  c o a rse r-g ra in e d  
sedim ents in  both re d  and green  rocks i s  g e n e ra lly  as fo llo w s: 
a) q u a r tz ,  50 -80?, b) s e r i c i t e  ( l l l i t e ) ,  lO-LO?, and c) c h lo r i t e ,  
5-15?» Dolomite and c a l c i t e  range from 5 to  50 p e rc e n t in  carbonate- 
r i c h  sed im en ts . Minor c o n s t i tu e n ts  ( le s s  than  10?) in c lu d e : 
h e m a tite , m uscovite , o r th o c la se  ( a l t e r e d ) ,  p la g io c la s e ,  metamorphic 
rock  frag m en ts , and z irc o n . Opaque m inera ls  in c lu d e : m ag n e tite ,
h e m a tite , t i ta n o m a g n e ti te , leucoxene, c h a lc o p y r ite , p y r i t e ,  
c h a lc o c i te ,  and c o v e l l i t e .
Pigm ent. H em atite forms th e  pigm ent in  th e  red  beds. I t  
g e n e ra lly  occurs as th in  d isco n tin u o u s c o a ts  on q u a rtz  g ra in s  and 
i s  co n ta in ed  in  th e  m a trix  along  w ith  f in e -g ra in e d  s e r i c i t e .  Clay 
la y e rs  in  th e se  rocks a re  so f in e  g ra in ed  and h em atite  r ic h  as to  
appear alm ost opaque in  th in  s e c t io n .  The c la y  i s  i l l i t e  (m ostly
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m etainorphically  upgraded to  s e r i c i t e  -  Maxwell and Hower, I 967) 
as determ ined by x - ra y  d i f f r a c t i o n .  In  a d d it io n  to  the  coatings 
and m a tr ix , h em a tite  i s  a ls o  th e  ap p aren t p roduct o f a l t e r a t io n  o f 
m afics such as b i o t i t e .  Red sedim ents c o n ta in  l i t t l e ,  i f  any 
c h lo r i t e .  However, p u rp l is h - re d  rocks c o n ta in  up to  $% co a rse ­
g ra in ed  c h lo r i t e .  This a d d it io n  o f c h lo r i te  to  hem atite  r ic h  rocks 
p ro b ab ly  accounts f o r  t h e i r  p u rp l is h - re d  c o lo r .
The green  pigm ent in  green  a r g i l l i t e s  i s  c h lo r i t e .  I t  occurs 
in  th e  m a trix  along w ith  s e r i c i t e  and in  c la y  la y e r s .  No c h lo r i te  
occurs as g ra in  c o a t in g s . C o arse-g ra in ed  c h lo r i te  a ls o  occurs in  
th e se  g reen  a r g i l l i t e s .
Opaque M in era ls . The s tu d y  o f  opaque m in e ra ls  i n  p o lish ed  
s e c t io n  and in  th in  s e c t io n  has y ie ld e d  th e  fo llow ing  d a ta :
1) M agnetite  and tita n o m a g n e tite  a re  p re s e n t  as subhedra l g ra in s  
and s t r in g e r s  in  th e  red  b e d s . 2) M agnetite i s  ab sen t in  green 
b ed s . 3)  Leucoxene in  red  beds has a l te r e d  from ilm e n ite  and 
t i ta n o m a g n e ti te , and rem nants o f  th e se  m in era ls  can be seen w ith in  
th e  leucoxene . U) Leucoxene i s  more abundant i n  green  beds and 
c o n ta in s  no rem nant m in e ra l t r a c e s .  5)  Recrys t a l i  zed and rep laced  
o o l i t e s  have r e l i c  c o n ce n tr ic  la y e rs  o f h e m a tite .
I n te r p r e ta t io n
Modern red  beds a re  formed by th e  b reak  down o f dark  d e t r i t a l  
g ra in s  to  h em a tite  and c la y  (W alker, I 967) and by aging and de­
h y d ra tio n  o f  f e r r i c  hydroxides to  h em atite  (Van Houten, 1972).
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T his p ro cess  was p robab ly  th e  same as th a t  which formed the  pigment 
in  th e  M ille r  Peak red  b eds, as th e  m in é ra lo g iea l  r e la t io n s h ip s  
a re  s im ila r  to  those  o f modern red  beds* Brown f e r r i c  hyroxides 
were c a r r ie d  by  stream s in to  th e  "B e lt S ea", and f e r r i c  hydroxides 
in  sedim ents o f the  s u p ra t id a l  a reas  were aged and dehydrated  to  
h e m a tite , D e t r i t a l  i ro n  m in e ra ls  were broken down p o s t-d e p o s i t io n a l ly  
to  c la y  and h e m a tite .
F e r r ic  hydroxides d ep o sited  in  sub-aqueous i n t e r t i d a l  and sub­
t i d a l  a re a s  were d is so lv e d  (reduced) to  fe rro u s  ions t h a t  were 
absorbed in  th e  r e c o n s t i tu t io n  of degraded c la y s  in to  d ia g e n e tic  
c h lo r i te *
The f a c t  t h a t  q u a rtz  g ra in s  in  re d  sedim ents a re  coated  by 
h e m a tite , and th e re  a re  no h em atite  o r c h lo r i te  c o a tin g s  on q u artz  
g ra in s  in  green  sedim ents su g g ests  t h a t  th e  sedim ents were o r ig in a l ly  
re d  (brown)* O o lite s  showing r e l i c  c o n c e n tr ic  h em atite  la y e rs  a ls o  
su g g es t th a t  th e  o r ig in a l  sedim ent would have been red  i f  i t  had n o t 
been su b je c te d  to  reducing  co n d itio n s  (Fig* 11 & 3 h )*
I lm e n ite  and m agnetite  a re  common m ineral c o n s t i tu e n ts  of 
p lu to n ic  and metamorphic sou rce  rocks and should  be more or le s s  
even ly  d i s t r ib u te d  th roughou t t h e i r  d e riv ed  sed im en ts . M agnetite 
d e riv e d  d i r e c t l y  from bedrock appears to  be r e l a t i v e ly  s ta b le  in  
a l l u v i a l  environm ents, whereas m agnetite  i s  d is so lv e d  and ilm e n ite  
(and t i ta n o m g n e tite )  commonly a l t e r s  to  leucoxene in  reducing  
environm ents (Van Houten, 1968). The g reen  beds of th e  M ille r  Peak 
Form ation were p ro b ab ly  formed s im ila r ly  s y n g e n e tic a lly  under reducing  
c o n d it io n s •
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The c o a rse -g ra in e d  c h lo r i te  in  bo th  red  and green sedim ents i s  
in te r p r e te d  to  be metamorphic in  o r ig in .
R eduction o f  red  sedim ents to  g reen  along f a u l t s  and jo in t s  
p ro b ab ly  re p re se n ts  l a t e r  a l t e r a t i o n  by  hydrotherm al f lu id s  or 
ground w a te rs . This type  o f a l t e r a t i o n  i s  most e v id e n t in  M ille r  
Peak rocks t h a t  a re  c lo se  to  in t r u s iv e  a reas  such as th e  F l i n t  Creek 
s e c t io n  n ear th e  P h ilip sb u rg  b a th o l i th  (F ig . 33)*
The Role o f Eh and pH in  Green Bed Form ation
Reduction o f i ro n  can take  p la c e  by a  decrease  in  Eh or a 
d ecrease  i n  pH or b o th . This f a c t  should  be considered  idien 
in te r p r e t in g  th e  geochem ical environm ent o f th e  M ille r  Peak Form ation.
Krauskopf (196?) su g g ests  t h a t  th e  pH o f th e  Precam brian 
oceans may have been lower than  a t  th e  p re se n t due to  the  h igh
p a r t i a l  p re s su re  o f carbon d io x id e  du ring  Precam brian tim es (F ig . 3 2 ).
Even th e n , th e  pH p robab ly  never was low er than  6 .5  or 7 .0  due to  
th e  b u f fe r in g  a c tio n  o f carb o n ates  and c la y s .
The c o n tin e n ta l  a re a s  may v e ry  w e ll have been a lk a lin e  due to  
h igh  e v ap o ra tio n  r a t e s  and a  la c k  of v e g e ta t io n . C e r ta in ly  a  change 
from a lk a l in e  w aters to  n e u tr a l  (7 .0  pH) o r s l i g h t l y  a c id  w aters 
would have i n i t i a t e d  i ro n  re d u c tio n  (F ig . 3 5 ) .
The su g g e s tio n  o f a  "B e lt Sea” t h a t  was c lo se  to  n e u tra l  pH 
may n o t be as unreasonab le  as i t  seems a t  f i r s t  g la n c e . There i s  
s t i l l  a q u e s tio n  as to  id ie ther th e  "B e lt Sea" was a c tu a l ly  p a r t  o f th e
Precam brian ocean or was indeed  an in la n d  f re s h  w ater se a . The
low est B e lt  sedim ents (P ric h a rd ) have been in te rp r e te d  to  re p re s e n t
Figure 33. Secondary a l t e r a t io n  of red  a r g i l l i t e  to  g re e n .
Note red u c tio n  h a lo  around g reen  a r g i l l i t e  a t  to p , and 
f l a s e r  bedding. Sample from F l in t  Creek Canyon. S la b .
Bar = 2 cm.
F igure  3U. R e lic t  h em atite  g h o s t in  o o l i t e  re p la c e d  by q u a r tz .  
Thin se c tio n  photom icrograph, o b liq u e  r e f l e c te d  l i g h t .
Bar = 0.25 mm.
Figure 36. Cross bedded carbon te  b e a rin g  s i l t .  Dark specks 
a re  c h a lco p y rite  w ith  supergene c h a lc o c ite  and c o v e l l i t e .  
S lab . Bar » 1 cm.
F igure 37. S tr in g y  m o ttled  s i l t  la y e r  w ith  c h a lc o p y r ite  a t  base 
overly ing  scoured b lay  la y e r  and mud ch ip  l a y e r .  S la b .





an environm ent s im ila r  to  th e  p re s e n t Black Sea (Heubschman, 1972).
An in la n d  sea  would be much more l ik e ly  to  have low er pH values 
th an  th e  oceans.
The re d u c tio n  of i r o n  by a  d ecrease  in  Eh (F ig . 3$) i s  a 
common p ro cess  in  sed im en ts . Sediments below th e  sedim ent 
w ater in te r f a c e  a re  n o t oxygenated and th e  Eh i s  r a p id ly  lowered 
by th e  u t i l i z a t i o n  o f en trapped  oxygen by decom position o f organic 
m a te r ia l  and th e  p ro d u c tio n  o f hydrogen s u lf id e  by s u l f a te  reducing  
b a c te r ia .  Both o rgan ics (a lg ae ) and b a c te r ia  were p re s e n t  in  th e  
"B e lt S ea".
Even though a d ecrease  in  Eh i s  most e a s i ly  ob tained  in  
sed im entary  p ro c e ss e s , pH changes from a  c o n tin e n ta l  environm ent 
to  a  "B e lt Sea" environm ent p robab ly  p layed  a s ig n i f ic a n t  ro le  in  
th e  re d u c tio n  of iro n  and th e  fo rm ation  o f g reen  beds in  th e  M ille r  
Peak sed im en ts .
52
- 4
♦ o t  “
V . ,
♦ o *  -
‘V,
♦  0.4 -
Feoq -4 HEMATITE F«*Os
0.0
-4,
-0  2 -
— 0.4 —
-  O .t -
-  1.0
p H • I t 14104 C2
F igure  35. S t a b i l i t y  r e la t io n s  o f i ro n  oxides and s u lf id e s  in  
w ater a t  25° C and 1 atm osphere t o t a l  p re s s u re . From G arre ls  & 
C h r is t ,  1965, B arred a re a  re p re se n ts  th e  s h i f t  in  th e  
O2 -  HoO boundary caused by a decrease  in  oxygen le v e l  from 
1 PAL 62 (upper l in e )  to  0 .01  PAL Og (lower l i n e ) .  This s h i f t  
does n o t a f f e c t  the  s t a b i l i t y  o f  th e  o th e r  f i e l d s .  From 
R u tten , 1969 .
CHAPTER V III 
COPPER IN THE LOWER MILLER PEAK FORMATION
N ature o f Copper O ccurrences i n  th e  M ille r  Peak Form ation
Copper u s u a l ly  occurs in  green  s i l t  beds w ith in  th e  lower 
M ille r  Peak Form ation. H arrison  (1972) re p o r ts  th e  fo llow ing  
modes of copper occu rrence: 1) copper occurs in  s i l t  and sand
lam inae in  green  beds, and 2) i s  found in  c o n ce n tra tio n s  along 
bedding p la n e s , in  c e r ta in  lam inae or la y e r s ,  and in  sedim entary  
m icros tru e  t u r es such as c ro ss  lam inae , mud c ra c k s , and c u t and f i l l  
s t r u c tu r e s .  H arriso n  e t .  a l .  (1969) a ls o  f in d  h igh  copper, le a d , 
and s i l v e r  c o n c e n tra tio n s  above and below s tro m a to l i te s  in  th e  
Snowslip Form ation (low er M ille r  Peak c o r r e la t iv e )  in  th e  M ission 
M ountains. H arriso n  and Grimes (1970) no te  th e  occurrence of copper 
as d e t r i t a l  g ra in s  and as i n t e r s t i t i a l  f la k e s  in  s i l t s  and 
s t r o m a to l i te s .  They su g g est t h a t  th e  copper was i n i t i a l l y  d ep o sited  
as d e t r i t a l  g ra in s  and was p o s s ib ly  l a t e r  re c o n c e n tra te d  in to  more 
perm eable s t r a t a .
The copper m in e ra ls  in  th e  Cyr s e c t io n  and th e  P e tty  Mountain 
s e c t io n  o f  th i s  th e s is  occur p r im a r ily  in  dark  green s i l t s  in  the  
fo llow ing  ro c k s : 1) m o ttled  s i l t s ,  2) h o r iz o n ta l ly  lam inated  s i l t s ,
3) g reen , c ro ss-b ed d ed , carbonate  b earin g  s i l t s ,  U) a lg a l  m ats,
5) in  s i l t s  above c u t and f i l l  s t r u c tu r e s ,  6) i n  s i l t s  in  convolute 
la m in a tio n s , and 7) in  s i l t s  i n  w ater escape s t r u c tu r e s .  No copper 
was found in  s t ro m a to l i te  b ed s . Copper occurs most commonly w ith in  




Copper m inera ls  in  th e  low er M ille r  Peak Form ation occur as 
c h a lc o p y r i te , c o v e l l i t e ,  and c h a lc o c ite  (d ig e n ite ? )  f i l l i n g  i n t e r ­
s t i t i a l  spaces between q u a rtz  g r a in s . Some replacem ent o f th e  quartz  
o ccu rs . No obv iously  d e t r i t a l  g ra in s  of copper m inerals were found.
Copper m inera ls  s tu d ie d  in  p o lish e d  s e c t io n  were found to  occur 
in  one of th re e  ways: l )  as c h a lc o p y rite  a lone (F ig . 3 8 ), 2) as
c h a lc o p y r ite  and c h a lc o c ite  ( d ig e n i te ? ) , w ith  c h a lc o c ite  a t  g ra in  
boundaries a p p a re n tly  re p la c in g  c h a lc o p y rite  toward th e  c e n te r  
(P ig . 3 9 ) , and 3) c h a lc o p y r i te , c o v e l l i t e ,  and c h a lc o c ite  w ith  
c h a lc o c ite  re p la c in g  c h a lc o p y r ite  as above, b u t w ith  need les of 
c o v e l l i t e  a t  th e  edges of th e  c h a lc o c ite  and p e n e tra t in g  th e  
c h a lc o p y r ite  (F ig . Uo).
Evidence fo r  rep lacem ent comes from comparing weathered samples 
w ith  unweathered sam ples. More w eathered samples have in c re a s in g  
amounts o f c h a lc o c ite  and c o v e l l i te  w hile th e  f r e s h e s t  samples have 
on ly  c h a lc o p y r i te .  The c h a lc o c ite  and c o v e l l i t e ,  th e re fo re , a re  
in te rp r e te d  to  be p roducts  o f supergene enrichm ent caused by 
w eathering  p ro c e sse s .
O rig in  of Copper
S ource . The u ltim a te  source of copper was th e  metamorphic and 
igneous t e r r a in s  th a t  su p p lied  th e  sedim ents fo r  th e  M ille r  Peak For­
m ation . These rocks were p robab ly  c lo se  in  com position to  the  Precam brian 
basem ent rocks o f th e  Canadian S h ie ld . Shaw e t .  a l .  (196?) r e p o r t  
th e  average copper c o n te n t of th e  Canadian S h ie ld  to  be Ih ppm. copper.
Figure 38. C halcopyrite  f i l l i n g  i n t e r s t i t i a l  spaces in  s i l t .  
P olished  se c tio n  photom icrograph. Bar •  0 .1  mm.
F igure 39* C halcocite  and c h a lc o p y rite  f i l l i n g  i n t e r s t i t i a l  sp aces. 
C halcocite  rep la ce s  c h a lc o p y rite  from o u ts id e  edges inw ard and 
forms b lade -  l ik e  c ry s ta l s  in  c h a lc o p y r i te .  P o lish ed  s e c t io n  
photom icrograph. Bar = 0 .05 mm.
F igure hO. C ha lcopy rite , c o v e l l i te  and c h a lc o c i te .  F ine b laded  
m ineral i s  c o v e l l i t e .  P o lished  s e c t io n  photom icrograph.
Bar = 0 .1  mm.
Figure L l. M ottled s i l t  la y e r  ov erly in g  s i l t  c o n ta in in g  mud 




Copper may a ls o  have been d e riv ed  from th e  Precam brian P u rc e ll 
b a s a l t i c  l a v a s . Turekian and Wedepohl (1961) e s tim a te  th e  average 
b a s a l t  to  c o n ta in  8? ppm. copper.
T ran sp o rt. Copper and o th e r  m etal io n s  o f low s o lu b i l i t y  a re  
commonly tra n s p o r te d  by c la y s  and f e r r i c  hyd rox ides.
Clay m in e ra ls  a re  ab le  to  t r a n s p o r t  m etal ions by adsorbing  
them onto c a tio n  exchange s i t e s  and in to  i n t e r l a t t i c e  p o s i t io n s .
H ir s t  (1962) su g g ests  t h a t  most o f th e  copper p re s e n t in  th e  G ulf 
o f  P a r ia  sedim ents was tra n s p o r te d  as copper in  th e  l a t t i c e  p o s i t io n s  
o f  i l l i t e .
F e r r ic  hydroxides p la y  a  very  im p o rtan t ro le  in  th e  tra n s p o r t  
o f m eta l io n s .  The f a c t  t h a t  f e r r i c  hydroxides commonly co a t c lay s  
(C a r ro l l ,  1958) and o th e r  d e t r i t a l  g ra in s  g ives th e se  oxides a 
su rfa c e  chem ical a c t i v i t y  t h a t  i s  f a r  g r e a te r  th an  t h e i r  c o n ce n tra tio n  
a lone su g g e s ts .
Jenne (1968) proposes t h a t  th e  hydrous oxides o f iro n  and 
manganese fu rn is h  th e  p r in c ip a l  c o n tro l  fo r  th e  f ix a t io n  o f  Co,
N i, Cu, and Zn in  s o i l s  and f r e s h  w ater sed im en ts . Organic m atte r 
f re q u e n tly  c o n tro ls  hydrous oxide c o l lo id  s t a b i l i t y  and m etal io n  
f ix a t io n  i n  the  p ro ce sse s  d esc rib e d  by Jenne ( I 968) .  This s t a b i l i ­
z a tio n  o f c o llo id s  by o rgan ic  m a tte r  may have been a n e g lig ib le  
f a c to r  in  m eta l io n  t r a n s p o r t  in  th e  B e lt due to  th e  lac k  o f abundant 
o rg an ic  l i f e .  The fo rm ation  o f  hydrous oxide c o llo id s  was n o t 
n e c e ssa ry  f o r  m eta l io n  t r a n s p o r t  in  th e  B e lt ,  however, s in c e  
abundant f e r r i c  hydroxides were c a r r ie d  as g ra in  c o a tin g s .
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The elem ents Co, N i, Or, Cu, Mn, Zn, and Pb a re  commonly tra n sp o rte d  
as adsorbed ions on c o llo id s  ( f e r r i c  hydroxide) (K ranskopf, 196?), 
H arriso n  and Grimes (1970) re p o r t  h igh  amounts of Co, N i, C r, Mn,
V and Pb as w e ll as copper (Cu) in  th e  f in e -g ra in e d  sedim ents of 
th e  m iddle B e lt supergroup in  th e  M ission M ountains. The e n ric h ­
ment of th e s e  elem ents in  th e  sedim ents s tro n g ly  suggests  f e r r i c  
hydroxide (c o l lo id )  t r a n s p o r t  o f copper and o th e r m etal io n s ,  and 
n o t d e t r i t a l  o r ig in  as H arrison  e t .  a l .  (1972, 1970, 1969) su g g est.
The fo llow ing  p ro p e r t ie s  of m etal ion  ad so rp tio n  by c la y s  and 
f e r r i c  hydroxides a re  im p o rtan t in  d isc u ss in g  th i s  model in  terms 
o f  copper t r a n s p o r t  in  th e  B e lt .  1) The so rp tio n  c a p a c i t ie s  of iro n  
and manganese hydrous oxides a re  comparable on a p e r w eight b a s is  
w ith  th o se  o f c la y s .  2) The a d so rp tio n  of copper ions onto c lays 
and hydrous f e r r i c  oxides p rov ides a  mechanism fo r  c o n ce n tra tio n  as 
w e ll as t r a n s p o r t .  3) The so rp tio n  and d eso rp tio n  o f c a tio n s  by 
hydrous f e r r i c  oxides and c la y s  i s  s tro n g ly  pH dependent (Stuiran 
and Morgan, 1970). The uptake of m etal c a tio n s  in c re a se s  w ith  an 
in c re a se  in  pH (F ig . h 2 ) .
The p resence  o f c la y s  and iro n  in  la rg e  q u a n ti t ie s  in  the  M ille r  
Peak sedim ents makes the  t r a n s p o r t  o f copper by c lay s  and hydrous 
f e r r i c  oxides f e a s ib le .  The p o s s ib i l i t y  o f  a lk a l in e  (high pH) 
c o n d itio n s  e x is t in g  in  th e  c o n tin e n ta l  and s u p ra t id a l  environm ents 















F igure U2. Manganese, Mn ( I I )  so rp tio n  by FeCOH)^
(s )  as a fu n c tio n  o f  pH. From Stumm and Morgan, 1970.
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S u lf id e  Form ation
The fo rm ation  of copper s u l f id e s  in  th e  M ille r  Peaik Formation 
can be r e l a te d  to  p y r i te  fo rm ation  in  sed im en ts , on which much re c e n t 
work has been done (B erner, 1970, 1971; R ickard , 1969).
I ro n  s u l f id e  forms by th e  r e a c t io n  of HgS and HS w ith  f in e ­
g ra in ed  g o e th i te  or d isso lv e d  fe rro u s  i ro n  to  form th e  m etastab le  
m in e ra ls  m ackinawite ( te tra g o n a l  Fe^+^S) and g r e ig i te  (cubic Fe^S|^) 
(B erner, 1971). The supply  of iro n  and hydrogen s u lf id e  a re  con­
t r o l l e d  by s e v e ra l  f a c to r s .
The m ajor sou rces of hydrogen s u lf id e  a re  s u l f a te  red u c tio n  
by b a c te r ia  and b a c te r i a l  decom position of o rganic  s u l f u r .  Hydrogen 
s u l f id e  can form on ly  under anaerob ic  c o n d itio n s  s in c e , where f re e  
oxygen i s  a v a i la b le ,  o rgan ic  s u l f u r  i s  ox id ized  to  s u l f a te  which 
undergoes no change. S u lfa te  red u c tio n  i s  th e  most im portan t souî*ce 
today  of hydrogen s u l f id e ,  b u t supp ly  of e i th e r  s u l f a te  o r organic 
s u l fu r  was p robab ly  a l im it in g  f a c to r  in  th e  B e lt .
The t o t a l  c o n c e n tra tio n  of i ro n  i s  deldom a l im it in g  f a c to r  in  
p y r i te  fo rm atio n , b u t th e  r e a c t i v i t y  o f iro n  a t  a g iven  HgS concen­
t r a t i o n  d ic ta te s  how much i r o n  w i l l  be transform ed to  p y r i te  
(B erner, 1971). This r e a c t i v i t y  f a c to r  i s  a ls o  iirp o rta n t in  con­
s id e r in g  o th e r m e ta ls .
S u lfa te  io n  a p p a re n tly  i s  ab le  to  d if fu s e  r e a d i ly  in to  
sedim ents from o v e rly in g  w aters and does n o t l im i t  s u lf id e  fo rm ation  
to  a g r e a t  e x te n t in  normal seaw ate r.
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The r e a c t io n  o f  hydrogen s u l f id e  and fe r ro u s  i ro n  ions produces 
th e  m e ta s ta b le  m in e ra ls  m ackinawite ( te tra g o n a l  Fe^^^S) and g r e ig i te  
(cub ic  FegS^^) which a re  v e ry  f in e ly  c r y s ta l l in e  and appear as b lack  
m a te r ia l  i n  sed im en ts . The conversion  o f th e se  m inera ls  to  p y r i te  and 
p y r r o t i t e  i s  p o o rly  understood , b u t p ro b ab ly  tak es  p lac e  during  
d ia g e n e s is .  R ickard (1969) has shown t h a t  p y r i te  w i l l  form from iro n  
m onosulfides and e lem en ta l s u l f u r  in  an H28 so lu tio n  in  th e  
la b o ra to ry .  No p y r i te  i s  formed w ithou t e lem en ta l s u l f u r .  The major 
sou rce  o f e lem en ta l s u l fu r  in  sedim ents i s  th e  b a c te r ia l  a c tio n  on 
excess HgS.
The most im portan t s in g le  l im it in g  f a c to r  o f s u l f id e  form ation  
i s  th e  c o n c e n tra tio n  o f  m etab o lizab le  o rgan ic  m a tte r  (B erner, 1971), 
a v a i la b le  to  s u l f a te  reducing  b a c te r i a .  H e tero tro p h ic  s u l f a te  
reduc ing  b a c te r ia  (D esu lfo v ib rio ) u t i l i z e  o rgan ic  carbon (carbohydrate) 
and oxygen from s u l f a te  io n  in  l i f e  p ro cesses  by th e  fo llow ing  
g e n e ra liz e d  re a c t io n s  (B erner, 1971):
2 CH2O + S0|^ 2HC0^~ + HgS
2CH2O + HCO^~ + HS~ + OOg + HgO
The r e s u l t in g  a d d it io n  o f  HCÔ “ to  anaerob ic  pore  w aters may b rin g  
about th e  p r e c ip i t a t io n  o f  d isso lv e d  Ca** as CaCO  ̂ as suggested  by 
P re s le y  and Kaplan (1968).
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D eposition  of Copper
The d e p o s itio n  o f copper in  th e  M ille r  Peak sedim ents depended 
on two f a c to r s ;  1) th e  a v a i l a b i l i t y  of copper io n s , and 2) the  
a v a i l a b i l i t y  o f hydrogen s u l f id e  to  f i x  the  copper ions as in so lu a b le  
s u l f id e s .  I f  e i th e r  o f th e se  were absen t in  space or tim e, copper 
s u l f id e s  cou ld  n o t be form ed.
The supp ly  of copper was r e la te d  to  th e  supply  and t r a n s p o r t  
of c la y s  and f e r r i c  hydroxide which can be considered  as sedim ent. 
Sediment su p p ly , as p re v io u s ly  s t a te d ,  was probab ly  low except a t  
tim es of f lo o d in g  and h igh  w a te r. During flo o d s much sedim ent 
(c la y , s i l t ,  and sand ; a l l  w ith  f e r r i c  hydroxide c o a tin g s) was 
tra n s p o r te d  and th e re fo re  copper in f lu x  in to  th e  "B elt Sea" was 
h ig h e s t a t  th e se  t im e s . This mode of copper t r a n s p o r t  p a r t i a l l y  
ex p la in s  th e  a s s o c ia t io n  o f copper m inera ls  w ith  s i l t s  and sedim entary  
s t r u c tu r e s  in d ic a t iv e  o f h igh  flow and sedim ent t r a n s p o r t  in  the  
M ille r  Peak Form ation.
The a v a i l a b i l i t y  o f H^S as p re v io u s ly  s ta te d  depends upon:
1 ) a v a i la b le  s u l f a te  io n  and o rgan ic  s u l f u r ,  2 ) a v a ila b le  m etab o li­
zab le  o rgan ic  m a te r ia l ,  and 3 ) anaerob ic  c o n d itio n s .
A v a i la b i l i ty  o f  s u l f u r  in  the  M ille r  Peak Form ation b rin g s  up two 
p o in ts  of c o n s id e ra tio n : th e  la c k  of o rganic m a tte r , and the
p o s s ib i l i t y  of th e  "B e lt Sea" being  composed of oceanic or f re s h  w ater, 
I f  s u l f a te  ion  were s c a rc e , as in  f r e s h  w a te r , th e  amount o f 
o rgan ic  s u l f u r  would c o n tro l  th e  H2S form ed. I f  the  "B e lt Sea" 
were o cean ic , s u l f a te  io n  would r e a d i ly  be a v a i la b le  and HgS
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p ro d u c tio n  would depend on th e  amount o f m etabo lizab le  organic 
m a te r ia l .  Huebschman (1972) has re p o rte d  p y r r o t i t e  and carbon in  
th e  sedim ents o f th e  P ric h a rd  Form ation. The la rg e  amounts of 
p y r r o t i t e  p re s e n t  su g g e s t a  p a u c ity  o f  s u lfu r  in  th e se  sed im ents, 
and w ith  th e  abundant carbon suggest c o n tro l  of s u lfu r  a v a i l a b i l i t y  
by o rgan ic  means. I f  s u l f u r  was ob tained  p r im a r ily  from organic 
so u rc e s , a la c k  o f s u l f a te  ion  in  th e  w ater and f re s h  water cond itions 
are  su g g ested . T h ere fo re , i t  i s  p o s s ib le  th a t  th e  “B e lt Sea" may 
have been composed o f f r e s h  w ater a t  some tim e during  i t s  h is to r y ,  
and th a t  th e  r e s u l t in g  la c k  o f s u l f a te  ion  may have caused a g re a te r  
r e l ia n c e  on organ ic  s u l f u r  as a  s u l fu r  so u rc e .
At t h i s  p o in t  i t  i s  agppropriate to  i n t e r j e c t  th a t  the p o s s ib i l i ty  
o f a f r e s h  w ater "B e lt Sea" e s ta b l is h e d  h ere  i s  c o n s is te n t  w ith th e  
geochem ical environm ent o f  i ro n  re d u c tio n  and green  bed form ation 
m entioned in  Chapter V II.
The a v a i l a b i l i t y  of m etab o lizab le  organic m atte r was c e r ta in ly  
a l im i t in g  f a c to r  in  s u l f id e  form ation  in  th e  M ille r  Peak Form ation.
The on ly  r e a d i ly  p rese rv ed  evidence of organic l i f e  i s  th a t  of a lgae  
( s t ro m a to li te s )  in  th e 'P recam b rian  B e lt sed im ents. The m ottled  
s i l t s  o f th e  M ille r  Peak Form ation, which commonly c o n ta in  copper 
s u l f i d e s ,  have been in te r p r e te d  as r e s u l t in g  from th e  e ro s io n  and r e -  
d e p o s itio n  of a lg a l  m ats. The occurrence of carbonates in  th e se  m ottled  
s i l t s  may be ex p la in ed  by th e  fo rm ation  o f c a l c i t e  on a lgae  during  
growth and by the  fo rm ation  o f  c a l c i t e  (and do lom ite?) by the  e f f e c ts  of 
s u l f a te  reducing  b a c te r i a .  C a lc ite  i s  formed lo c a l ly  around growing
63
a lg ae  by lo c a l  removal o f  GOg and p r e c ip i t a t io n  o f CaCOj from 
surround ing  w a te rs . HCO3" produced by s u l f a te  reducing  b a c te r ia
c o n ce n tra te d  around a lg a l  m a te r ia l  causes p r e c ip i t a t io n  o f pore w ater 
Ca (Mg^^) as c a l c i t e  (do lom ite) and may appear as th e  s t r in g y  
m o ttlin g  seen  in  some samples (F ig . 37 & L l ) .  Buried o rgan ic  m atte r 
c o n ce n tra tio n s  (m o ttled  s i l t s )  r e s u l te d  in  lo c a liz e d  a re a s  o f  stro n g  
reduc ing  c o n d itio n s  and HgS r i c h  sed im ents. These a re a s  c o n tro lle d  
th e  lo c a l iz a t io n  and d e p o s itio n  o f  copper (and iro n )  s u l f id e s .
C oncen tra tion  g ra d ie n ts  in v o lv in g  copper io n s  were p robab ly  
e s ta b l is h e d  between sedim ents co n ta in in g  copper ions and a re as  in  
th e  sedim ent idiere HgS and in su lu a b le  copper s u l f id e s  were being 
form ed. These c o n c e n tra tio n  g ra d ie n ts  f u r th e r  lo c a liz e d  copper 
s u l f id e s  i n  th e  sed im ent.
The r e a c t i v i t y  o f  copper and iro n  p layed  an im portan t ro le  in  
th e  fo rm ation  o f  th e  copper s u l f id e s .
Iro n  can form p y r i te  on ly  i f  in  a r e a c t iv e  form such as Fe** 
( fe r ro u s  ion ) (B erner, 1971). A d ecrease  in  pH ra p id ly  b rin g s  about 
a lo s s  o f  s o rp t iv e  c a p a c ity  in  bo th  c la y s  and hydrous f e r r i c  
hydroxides (F ig . ii2 ) . A change from a  stream  environm ent to  a sea  
environm ent would b r in g  about io n  exchange (Na+ & K"*" fo r  Cu**) in  
c la y s  and f e r r i c  h y d ro x id es . Tenple and LeRoux ( I 96L) found th a t  
copper i s  one o f  th e  f i r s t  io n s  desorbed from bo th  c la y s  and f e r r i c  
hyd rox ide . These re a c t io n s  a re  e s s e n t ia l l y  in s tan tan e o u s  (Stumm & 
Morgan, 1970).
6h
I t  i s  th e re fo re  conce ivab le  t h a t  copper ions would become 
a v a i la b le  b e fo re  Fe** io n s  were made r e a d i ly  a v a ila b le  from the  
re d u c tio n  o f  f e r r i c  hydroxide* A vailab le  HgS could  have been 
d e p le te d  b e fo re  la rg e  amounts o f  Fe"*"̂  were a v a i la b le ,  thus l im itin g  
th e  amount o f i ro n  s u l f id e s  form ed.
The copper -  i ro n  s u l f id e s  were p robab ly  d ep o sited  as a b la c k , 
f i n e ly  c r y s t a l l i n e  substance  much l ik e  m ackinawite and g r e ig i te .  
D iagenesis of th e se  sedim ents formed c h a lc o p y r ite  and may have 
lo c a l l i z e d  i t  in  i n t e r s t i t i a l  b leb s  and f la k e s .
Rapid b u r ia l  o f o rgan ic  m a tte r  promoted anaerob ic  co n d itio n s 
and p reven ted  m etab o lizab le  organic m a tte r  from being  oxid ized  
b efo re  being  u t i l i z e d  by s u l f a te  reducing  b a c te r ia .  This again  
l in k s  s u l f id e  fo rm ation  w ith  th e  fo rm atio n  of f lo o d  d e p o s i ts .
Both an in f lu x  of sedim ent and a v a ila b le  organic m a te r ia l  were 
n ecessa ry  fo r  s ig n i f ic a n t  amounts o f copper s u l f id e s  to  form.
T his p ro cess  e x p la in s  th e  spo rad ic  occurrence of copper s u lf id e s  
noted  by many B e lt workers (H arrison  e t .  a l . ,  1 ?6 ?). Copper brought 
in to  th e  "B e lt Sea” where no o rgan ic  m a tte r  was a v a ila b le  was p robab ly  
w idely  d i s t r ib u te d  and makes up th e  background le v e ls  o f $ -  $0 ppm. 
copper in  B e lt sedim ents no ted  by H arrison  and Grimes (1970).
Organic m a tte r  was o x id ized  under aero b ic  c o n d it io n s . Under 
anaerob ic  co n d itio n s  where no copper was a v a i la b le ,  organic m atte r 
prom oted th e  fo rm ation  o f p y r i t e .
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M igra tion  of H^S and copper ions in to  perm eable sedim ent la y e rs  
(a lm ost always a s so c ia te d  w ith  m o ttled  s i l t  la y e rs )  formed copper 
s u l f id e s  a s s o c ia te d  w ith  sed im entary  s t ru c tu re s  such as h o r iz o n ta l ly  
lam inated  s i l t s ,  c ro ss  bedded s i l t s ,  and c u t  and f i l l  s t ru c tu re s  
(Fig* li3)* This may a ls o  be th e  reaso n  th a t  copper s u lf id e s  a re  
common w ith in  s o f t  sedim ent deform ation  fe a tu re s  (convolute bedding) 
and w ater escape s tru c tu re s *
D iagene tic  r e d i s t r ib u t io n  o f  s u l f id e s  appears to  be l im ite d  
s in c e  most s u l f id e s  occur c lo se  to  t h e i r  in te rp re te d  o r ig in a l  s i t e s  
o f fo rm atio n  (Fig* Lb)*
Figure U3* C ry s ta ls  of c h a lc o p y rite  (c e n te r)  and c h a lc o c ite  
in  c la y . Shape of c r y s ta l s  suggests  rep lacem ent of 
py ritohedrons by copper. P o lished  s e c t io n  photom icrograph. 
Bar * 0.0$ mm.
Figure U i. Bleb o f  c h a lc o p y rite  and c h a lc o c ite  in  i n t e r s t i t i a l  
spaces r e s t r i c te d  by c la y  chip  ( a t  to p ) • S u lf id e  has formed 
in  cracks in  th e  mud ch ip  suggesting  m ig ra tio n  of hydrogen 
s u lf id e  or copper io n s . P o lished  s e c t io n  photom icrograph. 




Two d e ta i le d  s e c t io n s  t o t a l l i n g  650 f e e t  were measured in  the  
low er M ille r  Peak Form ation (M issoula Group, Late Precam brian B e lt 
Supergroup) in  Vfestem Montana a t  Cyr and P e tty  M ountain.
Sedim entary s t r u c tu r e s  in c lu d in g  la m in a tio n s , c ro ss -b e d s , r ip p le  
c ro s s - la m in a tio n s , r i p p l e - d r i f t  c ro s s - la m in a tio n s , d is ru p te d  bedding, 
scour and f i l l ,  in c lu s io n s ,  m o tt l in g , c l a s t i c  d ik e s , and d e s ic c a tio n  
c racks in  th e  low er M il le r  Peak Form ation a re  b r i e f ly  d escrib ed  and 
in te r p r e te d .
Three m ajor d e s c r ip t iv e  rock  ty p es were recogn ized . These a re :
1) in te r la m in a te d  s i l t  and c la y  rock types in c lu d in g  a) th ic k  lam inated  
(1-5  cm), b) th in  lam inated  (3mm-lcm), and f in e  lam inated  (<  3mm) rock  
ty p e s , 2) bedded rock  ty p es  in c lu d in g  a) s i l t  (bedded s i l t  10-60 cm 
w ith  h o r iz o n ta l  la m in a tio n s , m o tt le s , c ro ss  b eds, and r ip p le  c ro s s ­
la m in a tio n s ) , b) s ilt-m u d  chip  ( a l te r n a t in g  la y e rs  o f s i l t  and mud 
ch ip s from 1 to  20 cm th ic k ) ,  and o o l i t i c  ( s im ila r  to  s i l t  rock ty p e , 
b u t has 10- l 5^ o o l i t e s ) ,  and 3 ) a lg a l  rock  types ( s tro m a to li te s  and 
a lg a l  m a ts ) .
These rock  ty p e s  a re  l a t e r a l l y  con tinuous and can be c o r re la te d  
between the  two s e c t io n s .
In te r p r e t iv e  f a c ie s  were sy n th e s ize d  from d e s c r ip t iv e  d a ta  and 
re g io n a l  l i th o lo g ie  in te r r e la t io n s h ip s  o f  low er M il le r  Peak rocks* 
These f a c ie s  a re :  1) s u p ra t id a l  (red  in te r la m in a te d  s i l t  and c la y
w ith  abundant mud ch ip s and d e s ic c a t io n  f e a tu r e s ) ,  2) i n t e r t i d a l  and
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s u b t id a l  (g reen  in te r la m in a te d  s i l t  and c la y  w ith  d is tu rb ed  bedding 
and a lg a l  ro c k s ) ,  3) channel ( f in in g  upward sequences in  s i l t  grading  
upward from c ro ss-b ed s  to  h o r iz o n ta l  lam in a tio n s to  r ip p le  c ro s s - 
lam in a tio n s  to  c la y ;  in d ic a t in g  bed lo ad  t r a n s p o r t ) ,  li) mud f l a t  
f lo o d  s i l t  ( h o r iz o n ta l ly  lam inated  s i l t  (10-30  cm) in d ic a tin g  i n t e r ­
m it te n t  bed lo ad  tr a n s p o r t  a c ro ss  mud f l a t s ) #
A p rog rad ing  d e l t i c  sed im en ta tio n  model i s  proposed in  which 
suspended sedim ents were d ep o site d  in  s u p ra t id a l  and i n t e r t i d a l  mud 
f l a t s  w ith  in te r m i t te n t  d i s t r ib u t a r y  overbank flo o d  s i l t s  covering  
th e  mud f l a t s #  D is t r ib u ta r y  channels cu t both  s u p ra t id a l  and i n t e r -  
t i d a l - s u b t id a l  sedim ents# This model conpares c lo s e ly  w ith  modem 
d e l t i c  environm ents such as th e  M iss is s ip p i and Colorado R iver d e lta s#  
Red and g reen  c o lo r  g en esis  in  th e se  sedim ents was c o n tro lle d  by 
d i f f e r e n t  Eh and pH c o n d itio n s  r e s u l t in g  from s u b -a e r ia l  (red ) and 
sub-aqueous (g reen) d ep o sitio n #  F e r r ic  iro n  (hem atite) co lo rs  red 
sedim ents whereas fe rro u s  i ro n  ( c h lo r i te )  c o lo rs  green sediments#
The d e p o s itio n  of copper in  th e  lower M ille r  Peak Form ation was 
c o n tro l le d  by two p ro c e sse s :  1) th e  spo rad ic  supp ly  o f copper ions
tra n s p o r te d  by hydrous f e r r i c  oxides and c la y , and 2 ) th e  a v a i l a b i l i t y  
of o rgan ic  m a tte r  to  s u l f a te  reducing  b a c te r ia  (H2S so u rc e ) . P re­
c i p i t a t i o n  o f  in so lu a b le  s u l f id e s  formed copper ion  co n ce n tra tio n  
g ra d ie n ts  t h a t  r e s u l te d  in  m ig ra tio n  of copper in to  m o ttled  s i l t s  
( s i t e s  of c o n ce n tra te d  organ ic  m a tte r ,  H^S p ro d u c tio n , and s u lf id e  
d e p o s itio n )  # The m o b ili ty  o f copper io n s  and H^S in  perm eable s i l t s  
and w a te r -s a tu ra te d  sedim ents accounts fo r  th e  lo c a l iz a t io n  o f copper 
w ith in  s i l t s  and w ith in  so ft-se d im e n t deform ation  fea tu re s#
CHAPTER X 
SUGGESTIONS FOR FURTHER STUDY
The fo llow ing  su g g e s tio n s  a re  made f o r  con tinu ing  s tu d ie s  on 
copper d e p o s itio n  in  th e  B e lt Supergroup,
1* D e ta ile d  s tu d ie s  such as t h i s  to  determ ine i f  th e  
c h a lc o p y r ite -m o ttle d  s i l t  r e la t io n s h ip  occurs in  o th e r  M ille r  
Peak l o c a l i t i e s  and in  o th e r  fo m a tio n s  (E n p ire , Spokane) where 
copper o c c u rs , ,
2 , A d e ta i le d  a n a ly s is  o f  copper and o th e r  t ra c e  elem ents 
s t a r t i n g  from a m o ttled  s i l t  co n ta in in g  copper outward in to  
surround ing  ro c k s . Comparison o f  copper and t r a c e  elem ent con ten t 
i n  v a rio u s  l i th o lo g ie s  could a ls o  be in c lu d ed  in  such a s tu d y ,
3* A re g io n a l  s tu d y  o f  th e  M ille r  Peak Form ation w ith  
accompanying t r a c e  elem ent a n a ly s is  to  determ ine re g io n a l v a r ia t io n s  
in  t r a c e  elem ent co n ten t w ith in  th e  fo rm atio n , H arrison  and 
Grimes (1970) r e p o r t  in c re a s in g  amounts o f  Cu, Co, and Ni in  th e  
e a s te rn  a re a s  o f th e  "B e lt B asin" ,
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APPENDIX I  
L ocation o f  S ec tions
1 . Cyr s e c t io n
The Cyr s e c tio n  i s  lo c a te d  sou th  o f th e  C lark Fork R iver along 
th e  B u rlin g to n  N orthern  r a i l r o a d  tra c k s  th re e  m iles w est o f 
A lb e rto n , Montana. The s e c t io n  can be reached by tu rn in g  l e f t  from 
I n t e r s t a t e  90 a t  A lberton  and then  tu rn in g  r ig h t  onto  th e  road a t  
th e  so u th  end o f th e  in te rc h a n g e . The road c ro sses  th e  C lark  Fork 
R iver by means o f an i ro n  b rid g e  and tu rn s  r i g h t .  The road stops 
a t  th e  B u rlin g to n  N orthern  tra c k s  (2 .8  m ile s ) .  The se c tio n  begins 
in  th e  M ille r  Peak Form ation in  th e  outcrop  to  the  sou th  o f th e  r iv e r  near 
th e  t r a c k s  and i s  marked by s i l v e r  p a in t  a t  f iv e  fo o t  in te r v a l s .
The s e c t io n  co n tin u es westward along th e  t r a c k s  and ends j u s t  b e fo re  
reach in g  th e  r a i l r o a d  tu n n e l .
2 . P e t ty  Mountain s e c t io n  (H a ll , 1968)
The P e t ty  Mountain s e c tio n  i s  lo c a te d  on th e  w est f lan k  of 
P e tty  Mountain on th e  r id g e  between Tucker Gulch and the  unnamed 
gulch  to  th e  so u th . The s e c t io n  i s  a c c e s s ib le  v ia  a jeep  t r a i l  
ïdiich lea v es  th e  road along  th e  e a s t  s id e  o f  P e tty  Creek a t  th e  
mouth o f  th e  unnamed g u lch . The jeep  t r a i l  ex tends about ^  m ile 
up th e  g u lch , and from th e re  access i s  by fo o t  along the  n o rth  s id e  
o f th e  g u lch . The s e c t io n  beg ins i n  th e  W allace Form ation on th e  
n o r th  s id e  o f  th e  gu lch  (about 100 f e e t  above th e  b ifu rc a t io n  p o in t
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o f  th e  gulch) in  th e  NE SE se c . 12 , T 13 N, R 23 W. The 
s e c t io n  proceeds in  a  n o r th e a s t  d i r e c t io n  and ends in  th e  Bonner 
Fondation  on th e  r id g e  c r e s t  in  th e  SW SE 4̂,  s e c .  6 , T 13 N,
R 22 W. The d e ta i le d  s e c t io n  used i n  t h i s  r e p o r t  begins a t  
335 f e e t  and ends a t  li50 f e e t  in  t h i s  s e c t io n .
APPENÜIJC II
Historical Interpretation of the Cyr Section
Footage In te rp r e ta t io n
550-514; I n t e r t i d a l  mud f l a t  ( f in e  lam inae)
5U;-51;3 S tro m a to lite  grew during  p e rio d  of slow
d e p o s itio n
5U3-53U I n t e r t i d a l  mud f l a t
53U-532 Mud f l a t  f lo o d  s i l t s  in te r r u p t  normal
d e p o s itio n
532-530 T id a l channel c u ts  mud f l a t  sedim ents
530-525 I n t e r t i d a l  f l a t  & slow sed im enta tion
525-522 Mud ch ip  sedim ents in d ic a te  e ro s io n  &
re d e p o s itio n  o f  p rev ious sed im ents.
May re p re se n t  flood  o r channel s h i f t
522-511 T ra n s itio n  from f in e  to  th in  to  th ic k
lam inae in d ic a te  an in c re a se  in  sedim ent 
supp ly  (channel s h i f t )
511-503 Nearby channel overflow  causes e ro s io n
o f  sed im en ts , r ip p le s ,  and mud ch ips in  
s i l t s
503-Ü95 S h if t  o f  channel causes a  decrease  in
sedim ent supply  and a change from th ic k  
to  th in  to  f in e  lam inae
h9S^h90 Sudden change from mud f l a t  to  n ear channel
sed im en ta tio n  caused by new channel 
fo rm atio n . M ottled  s i l t s  caused by 
e ro s io n  o f  a lg a l  m ats. Mud ch ip s in d ic a te  
e ro s io n  and re d e p o s it io n .
490-L87 The su ccess io n  o f  s i l t s  w ith  r ip p le s ,
c ro s s  b ed s, and mud b a l l s  to  i n t e r -  





U87-UÔ2 Mud f l a t .  In c rease  o f mud cracks suggests
g re a te r  su b a e r ia l  exposure.
U82-I18I  S tro m a to lite  growing under low sedim ent
supp ly  c o n d itio n s .
U8l-ii79 Clayey s i l t s  due to  flood ing  cover
s tro m a to l i te s  and r a i s e  mud f l a t  in to  
s u p ra t id a l  zone.
U79-U71 Red mud c h ip - s i l t s  and do lom itic
sedim ents re p re s e n t  s u p ra t id a l  flo o d in g s 
by s e a .
ii71-U70 Green r ip p le d  and mud chip  s i l t s  scoured
in to  re d  sedim ents suggest t ra n s g re s s io n .
ii70-Ui0 Long p e rio d  o f q u ie t  sed im enta tion  w ith
lam inae th ic k n ess  in c re a s in g  along w ith 
sedim ents su p p ly . T ida l channel (hhh). 
C halcopyrite  in  ca rbonate -bearing  c r o s s -  
lam inated  s i l t .
W*0-L39 R ippled s i l t  w ith  scoured lower su rface
in d ic a te s  f lo o d  d e p o s i t .
1&39-Ll3 Mud f l a t  w ith  q u ie t  sed im en ta tion  con­
d i t io n s .  A lgal mats a t  Ii31, h29s Ul7. 
C ontorted beds a t  h27, h21, Ul7> & hlh  
in d ic a te  h igh  w ater co n ten t of sedim ents 
and deform ation  by flow shear s t r e s s .
Itl3 -itl0  C layey s i l t  (h o r iz o n ta l ly  lam inated)
re p re s e n ts  f lo o d  d e p o sit t h a t  r a is e d  
mud f l a t  in to  s u p ra t id a l  zone.
lilO-liOO Red sed im en ts , do lom ite , e x ten siv e  mud
c ra c k s , and mud ch ips of s u p ra t id a l  zone.
iiOO-373 Red sedim ents of s u p ra t id a l  zone.
Dolomite n o t p re s e n t  suggests  upper 
s u p r a t id a l  zone.
373-369  Medium sand , h o r iz o n ta l  lam in a tio n s ,




365-362 O o li te s , mud b a l l s ,  r ip p le s ,  h o r iz o n ta lly
lam inated  sand suggests storm or t r a n s ­
g re s s io n .
362-355 Mud ch ips of s u p ra t id a l  f l a t  in d ic a te
e ro s io n  and re d e p o s itio n  probably  c lo se  
to  se a  m argin.
355-3U5 G radual change from red  to  green sedim ents
re p re se n ts  deepening of w ater and sub­
aqueous c o n d it io n s .
3U5-3l*3 Flood s i l t s  r a i s e  mud f l a t  in to  sup ra ­
t i d a l  zone.
3U3-337 Mud c h i p - s i l t  o f s u p ra t id a l  f l a t .  Con­
to r te d  bedding in d ic a te s  h igh  flow  
sh ea r s t r e s s .
337-333 F in ing  upwards from sand to  s i l t  to
r ip p le s  in d ic a te s  channel. Scour a t  337.
333-330 Two lower s i l t  beds and upper sand bed
w ith  o o l i te s  in d ic a te s  storm  flood over 
s u p ra t id a l  f l a t .
330-326 Thin & f in e  lam inated  s i l t  and c la y  may
re p re se n t d e p o s itio n  in  s u p ra t id a l  lake  
or i n te r d i s t r i b u t a r y  bay and l a t e r  
o x id a tio n . Green a t  327 occurs along 
jo in t  p lan e  and i s  secondary .
326-321 Mud ch ip  -  s i l t s  of s u p ra t id a l  f l a t .
321-318 Mud cracked  th in  lam inations o f sup ra ­
t i d a l  f l a t .  Mud c h ip - s i l t  a t  top 
in d ic a te s  f lo o d in g  o f  s u p ra t id a l  f l a t .
318-303 F ine lam inated  i n t e r t i d a l  f l a t  sed im ents.
Change from green  to  red  to  green  to  re d  
in d ic a te s  f lu c tu a t in g  w ater le v e l  
p ro b ab ly  c lo se  to  sea  m argin. Slump a t  
309 , and sm all t i d a l  channel a t  307.
303-295 Mud chip-silt of supratidal zone.
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Footage Interpretation__________
295-290 T ra n s it io n  from s u p ra t id a l  to  i n t e r t i d a l
zone.
290-285 Dolom itic s i l t  w ith  c la y  p a rtin g s  re p re se n ts
sh o re lin e  environm ent and tra n s g re s s io n .
285-27U I n t e r t i d a l  f l a t .  A lgal mats occur a t  282
and 278. C halcopyrite  in  a lg a l  m ats. 
Convolute lam inations a t  283, 277, 27L. 
C halcopyrite  occurs in  convolute 
lam in a tio n s a t  277 and 21h*
27^-272 Scour, convolute  bedding, and r ip p le s
in d ic a te s  sedim ent in f lu x  caused by flood  
or channel s h i f t .
272-250 I n t e r t i d a l  f l a t s .  F la s e r ,  mud ch ips and
convolu te  beds in d ic a te  high energy 
c o n d itio n s .
250-2LL In c re a se  in  mud cracks and th ick en in g  of
lam in a tio n s in d ic a te s  decreasing  water 
depth  and in c re a se  in  sedim ent supply 
(channel s h i f t ) .
2UI4- 2U2 F in ing  upwards sequence, scour a t  base ,
c ro ss  la m in a tio n s , r ip p le s ,  and mud ch ips 
in d ic a te  channel.
21:2-237 Mud ch ips and h o r iz o n ta l ly  lam inated  s i l t
re p re se n t flo o d s (channel overbank flo w ). 
B uild  up o f mud f l a t  in to  s u p ra t id a l  zone.
237-228 S tro n g ly  mud cracked  lam ina tions and
mud sh ip s  of s u p ra t id a l  f a c ie s .
228-227 H o riz o n ta lly  lam inated s i l t  o f  flood  o r ig in .
227-22h F in in g  upwards sequence of channel.
22li-200 S tro n g ly  mud cracked lam inations and mud
ch ips of s u p ra t id a l  zone. Flood s i l t s  a t
213, 207, and 20l(.
200-195 Supratidal facies. Flood silt at 198.
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195-192 Mud c h i p - s i l t  to  lam ina tions o f mud ch ip -
s i l t  and g reen  sedim ent may re p re se n t a 
s u p ra t id a l  lak e  o r in te r  d i s t r ib u ta r y  bay. 
A lga l mat a t  192.
192-181 S i l t  beds and lam inations in d ic a te  flo o d s
and q u ie t  sed im en ta tio n .
181-178 Overbank f lo o d .
178-177 Medium sand and s i l t  re p re se n t channel.
177-172 I n t e r t i d a l  f l a t .  C ontorted s i l t  a t  175.
172-171 M ottled s i l t  w ith  c h a lc o p y r ite . (Flood)
17I - I 6L I n t e r t i d a l  f l a t .  In c re ase  in  sedim ent
supp ly  (channel s h i f t ) .
I 6U -I62 Channel
162-160 H o riz o n ta lly  lam inated  sand and r ip p le s .
Overbank flo o d  r a i s e s  mud f l a t  to  
s u p ra t id a l  l e v e l .
I 6O-IUU S tro n g ly  mud cracked lam ina tions and mud
ch ip  s i l t .  S u p ra tid a l zone. Flood 
s i l t s  a t  11:7.
im t-138  Hid ch ip s and th ic k  lam inae re p re se n t
tra n s g re s s io n  and sedim ent in f lu x .  
M ottled  s i l t  and t r a c e  o f c h a lc o p y rite
a t  139.
138-136 Channel
136-127  I n t e r t i d a l  f l a t .  F la se r  a t  b a se .
127-123 Mud ch ips in d ic a te  e ro s io n  and p rox im ity
to  channe l.
123-121 R ip p le s , mud c h ip s , mud b a l l s ,  may
re p re s e n t  ch an n e l. M ottled s i l t  a t  121.
121-110 I n t e r t i d a l  f l a t .  T id a l channel a t  117.
In tra fo rm a tio n a l  b re c c ia  a t  l l 5 .
110-107 Mud ch ip s in d ic a te  p ro x im ity  to  channel.
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107-105 Channel* Mud b a l l s ,  r ip p le s ,  h o r iz o n ta l ! /
lam inated  s i l t .  M ottled s i l t .
C halcopy rite  in  c la y  a t  106 .
105-102 In c re ase  in  sedim ent supp ly , le s s  c la y .
102-101 Climbing r ip p le s  in d ic a te  rap id  d e p o s itio n .
101-95 I n t e r t i d a l  f l a t .  F la s e r . T ida l channel
a t  96 .
95-93 Fine lam inae in d ic a te  q u ie t  cond itions
and low sedim ent supply .
93-88 In c re a se  in  sedim ent supply and channel
in f lu e n c e .
88-86  Channel. Scour, mud b a l l s ,  mud c h ip s .
C halcopyrite  in  m ottled  s i l t .
86-82 Flood s i l t  from channel overflow .
82-75 I n t e r t i d a l  f l a t .  S trong t i d a l  c u r r e n ts .
P y rite  in  c lay  a t  75*
75-70 Laminae th ick n ess r e f l e c t  decrease  then
in c re a se  in  sedim ent supp ly .
70-68 I n t e r t i d a l  f l a t .  D istu rbed  and load
c as te d  s i l t  a t  68 .
68-61 Thick lam inae & f l a s e r  o f i n t e r t i d a l  f l a t .
61-57 Mud ch ips in d ic a te  flow on i n t e r t i d a l
f l a t s .  C ha lcopy rite  w ith  m ottled  s i l t s  
and a d ja c e n t h o r iz o n ta l ly  lam inated  s i l t s .
57-2^6 Fine lam inae and low sedim ent supply on
i n t e r t i d a l  f l a t .
L6-39 Thick lam inae and s i l t  la y e r  a t  39
in d ic a te  h igh  sedim ent supp ly . Chalcopy­
r i t e  in  c la y  a t  L6 . Cpy in  a lg a l  mat a t  
L5. Cpy in  s c a t te r e d  occurrences from 
U5 to  39. Cpy in  carbonate  bearing  s i l t  
a t  39.
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39-29 I n t e r t i d a l  f l a t .  Low sedim ent supply .
S i l t  le n se s  re p re se n t  t i d a l  channels .
29-25 Mud ch ip s in d ic a te  high flow.
25-10 I n t e r t i d a l  f l a t .  Thick laminae and
f l a s e r .  M ottled sand a t  25 w ith  tra c e s  
o f cpy . A lgal mat 21.
10-OU R ip p le s , mud c h ip s , mud b a l l s  in d ic a te
high  flow  and p o ss ib le  channel. M ottled 
s i l t  a t  06 has t r a c e s  o f c h a lc o p y r ite .
OU-00 I n t e r t i d a l  f l a t .  Thick lam inae.
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